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A GK-NKRAL DISCUSSION 


ON 

Heterogeneous Catalysis 

A Gknicr\l Discussion on IIoterogiMioous Catalysis was hold in The 
New Arts 'I'hoatro, I.uorpiK)! University (by kind ^x'miissioii of the Vice- 
Chancclloi) on the i2lh, i3tli and J4th April, 1950. The President, 
Prol. Sir John L-ennard-Jones, h'.R.S., was in the Chair and 

about 250 members and visitors were present. 

Among the distinguished overseas members and guests welcomed 
by the President were the following :— 

J)r, O. Beeck (U.S.A.), Dr. Behrens (Uruguay), Mrs. Behrens 
(Uruguay), Mr. T3ovington (Holland), Dr. J. J. A. Blekkingh (flollarid), 
Prof. J. H. de Boer (Holland), Dr. H. de Bruijn (Hollajid), Dr. E, W. 
Cook (U.S.A.), Ir. A. Cranendonk (Holland), Dr. J. K. Dixon (U.S.A.), 
Mrs. J. K. Dixon (U.S.A.), Dr. V. Haeiisel (U.S.A.), Dr. G. D. Halsey 
(tl.S.A.), Dr, 11. Hoog (Holland), Prof. G. E. lluttig (Austria), Prof. 
G. H. Jura (U.S.A.), Dr. S. Kniyer (Holland), Mr. J. Migiiolet (Belgium), 
Dr. J. A. Morrison (Canada), Dr. A. G. Oblad (U.S.A.), Mrs. A. G. 
Oblad (U.S.A.), Prof. L. J. Oosterhotf (Holland), Mr. A. Orzechowski 
(Poland), Dr. L. L. Reyen (Holland), Dr. G. C. A. Schuit (Holland), 
I^of. G.-M. Schwab (Greece), ]?rof. P. W. Selwood (U.S.A.), Mr. K. 
Sutherland (Australia), Dr. G. J. Szasz (U.S.A.), Dean H. S. Taylor 
(U.S.A.), Dr. E. W. Thiele (U.S.A.), Dr. J. R. Vinograd (U.S.A), 
Dr. S. El. Wakkad (Egypt), Dr. A. E. R. Westman (Canada), Dr. R. 
Westrik (Holland), l^of, E. Wicke (Germany). 

The President addressed a special welcome to Dean H, S. Taylor (Princeton 
University, N.J.) on calling upon him to give the Fifth Spiers Memorial 
Lecture, “ Surface Catalysis : Retrospect and Prospect 

The President recalled that the Spiers Memorial Lecture was founded 
in honour and memory of the Society's first secretary, Frederick Solomon 
Spi(‘rs, and that th<i interest on the Memorial Fund was available for the 
payment of an honorarium to a lecturer on some subject of physical 
chemistry. 

The first lecture was given on the occasion of the Silver Jubilee of 
the Society in 1928. The subject was ** Some Debatable Problems in 
Physics ", and the lecturer was Sir Oliver Lodge. The second was given 
in 1938 by Sir Robert Ludwig Mond on " FaradaySubsequent 
lectures were by Sir William Bragg in 1934 and Dr. W. T. Astbury in 

1937. 

In 1939, the Council decided that future lectures should take the form 
of an Introduction to one of the Society's Discussions but, owing to the 
war, this was not brought into effect. Recently the Council re-afi&rmed 
its intention of instituting these lectures from time to time in connection 
with its Discussion and accordingly invited Prof, Taylor, one of the leading 
exponents of the subject of Heterogeneous Catalysis, to give the first of 
these lectures on the occasion of the present Discussion. The lecture 
is published in full in the present volume. 
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5th SPIERS MEMORIAL LECTURE 

CATALYSIS: RETROSPECT AND PROSPECT 

By Hugh S. Taylor 

The finest memorial to the first secretary of the Faraday Society is 
the maintenance of the General Discussions at the highest level of ex¬ 
cellence. Wherever physical chemistry is prosecuted, wherever students 
are acquiring physicochemical science, there the record of the discussions 
which Secretary Spiers initiated and organized for so many ;years will 
be found indispensable. 

There is a curious discrepancy in the archives of the Society concerning 
the General Discussions. In the index of Volume III for 1907 two general 
discussions are recorded, one on “ Osmotic Pressure,** one on “ Hydrates in 
Solution **. Sir Oliver Lodge was then President of the Society. In the 
index to the first twenty volumes of the Transactions the earliest recorded 
General Discussion is in Volume IV, on “ The Constitution of Water **, 

I am at a loss to account for such a discrepancy unless it is a simple over¬ 
sight. The last General Discussion organized by Secretary Spiers was in 
October 1925 on ** Photochemical Reactions in Liquids and Gases *’ and 
was held in Oxford. I was present on that occasion, which marked, 
as the General Discussions so frequently do, a milestone in the develop¬ 
ment of the particular phase of physical chemistry then under consider¬ 
ation. For such reasons, and with a peculiar sense of privilege and honour, 
I am happy on this occasion to introduce a general discussion on ** Hetero¬ 
geneous Catalysis ** as the Spiers Memorial Lecturer, in my own Uni¬ 
versity, where, as a student in the departmental library, I first learned 
to appreciate how greatly these General Discussions can contribute to 
the definition of the present state of science and in what direction progress 
may develop. 

The present Discussion is the third in a sequence which includes two 
famous predecessors. In 1922 the Discussion on Catalysis brought for¬ 
ward two basic concepts, that of Lindemanu on the nature of unimolecular 
kinetics and that of Langmuir on reaction at surfaces between adjacently 
adsorbed reactants, with adsorption restricted to monolayers. The dis¬ 
cussion on ** Adsorption ** in 1932 was concerned, in the main, with slow 
processes of sorption and evoked, from our President, a definition of van 
der Waals* and of chemisorption in terms of the potential energies between 
an impinging molecule and a surface. The diagram brought out clearly 
the manner in which activation energy of adsorption might be involved, 
and sharply differentiated physical and chemical processes of adsorption, 
the differences between which had been indistinct up to that time. It 
emerged that physical adsorption had little relevance to catalysis at 
surfaces ; the chemisorbed monolayers of Langmuir were the loci of such 
reactions. 

It is pertinent here to emphasize that the Langmuir formulation of 
surface kinetics was restricted to those surface reactions in which the 
velocity of interaction on the surface was the rate-determining process. 
This condition was indeed fulfilled in the classic researches of Langmuir 
and in further developments by Hinshelwood, Rideal, Schwab and others. 

A* o 
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It is useful, howcvci, to recall an example which does not confonn to 
this condition, the decomposition of ammonia on doubly-])romot<‘d iron 
synthetic ammonia catalysts as studied by Love and Emmett.i They 
found a kinetic equation, 

_d|NH,! _ INIIsl®* 

df “ 

which, on the Uingimiir btisis, would sugf»<\st a strong adsorption of h3^(lro- 
gen on the iron surface and a modtTale ammonia adsorption on the surface 
bare of hydrogen, with nitrogen an inert constituent. We now know 
that such a view is erroneous ; the slow step is the desorption of nitiogen 
from the surface, the slow sorption bc‘ing rate-detennining in syntht'sis. 
This example alone would have justified the emphasis on sknv sorption 
in the monolayer, first discussed by the Society in 1932. The availability 
ot isotopic forncis of a given molecular species has revealed the variation 
in temperatures at which these species will interact on surfaces which 
still further emphasizes the necessity for the concept of activation energy 
accompanying their chemisorption on catalyst surfaces. Some examples 
are cited in Table I. 

TABLE I.—Interaction ok Isotopic Molecules on Surfaces 


Catalyst 

Isotope Reaction 

Temp. ® C. for 
Measuiable Riiti's 

Ki'ferenoo 

Fe synthetic ammonia cata- 




lyst, doubly promoted 

n, +1), 

-195 

1 


Nil, + ND, 


2 

If 

NJ‘ + N5» 

+450 

L .3 

Rhenium .... 

H,+ D, 

+ 

3 


NH, + ND, 

+ 100 

3 

,, . « • • 

Ni‘ + N 5 » 

+500 

3 

Nickel .... 

H, + D, 

-■195 

4 

Osmium .... 

CH, + CH, 

+150 

5 

N*' + N« 

+250 

(> 


1 Kummer and Emmett, Brookhavm CoTifcrence Report (Dec. 1948), p. i. 

® Taylor and Jungers, J, Amer, Chem. Soc,, 1935, 57, 660. 

®McGeor, Thesis {Princeton, 1949). 

* Sadek and Taylor, J. Amer. Chem. Soc., 1950, 72, 11()8. 

® Wright and Taylor, C<m. J. Res. B, 1949, 27, 303. 

® Guyer, Joris and Taylor, /. Cfmn. Physics, 1941,'9, 287. 

It is important for the further argument that these variations found 
with technical catalysts are also to be found with the idealized catalysts 
produced by the Beeck method of evaporating metals to form oriented 
or non-oriented films. In these cases, also, where purity and cleanliness 
of surface have been raised to the highest attainable standards, similar 
variations in the temperature at which chemisorption occurs are found, 
although there will be differences between films and technical catalysts in 
the actual temperature range involved. Thus, on nickel films, Beeck 
has shown chemisorption of hydrogen even at 15® K, but examine.^ 
interaction between ethane and nickel films only in the temperature range 
200-250® C. In contrast to Beeck’s measurements on nickel films are 
those of Eucken and Hunsmann * with reduced nickel from the oxide where 
the adsorption at 20® K shows a heat of van der Waals' adsorption. Chemi¬ 
sorption with 5 kcal. of heat of adsorption is found only at 50® K. While 
iron films chemisorb nitrogen (as molecules ?) at liquid-air temperatures 

^ Love and Emmett, J. Amer. Chem* Soc., 1941, 63, 3297, 

* Eucken and Hunsmann, Z. physik. Chem. B, 1939, 44, 163. 
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there is a slow activated adsorption of nitrogen, with a much higher heat 
of adsorption, around room temperatures. Tlhs latter fact is to be con¬ 
trasted with the studies of Emmett and Brunauer with iron synthetic 
ammonia catalysts * where the slow sorption of nitrogen was measured in 
the temperature interval from 224 to 449® C. 

This example takes us at once to the heart of a problem which it ought 
to be the objective of this Discussion finally to resolve. In 1925, a concept 
of the catalytic surface was formulated which emphasized heterogeneity 
or, as it came to be expressed, the concept of active centres A 
variety of evidence on the properties of technical catalysts, which were 
the only catalysts then extensively studied, contributed to this concept 
of active centres. This evidence included observations on adsorption by 
catalysts both active and inactivated by heat treatment. It attempted to 
account for the great influence of poisons and promoters, present in 



HOURS 


Fig. I 

minimal amounts, and invoked the existence of centres of high activity, 
very sensitive to poisoning. The quantitative measurements of poison¬ 
ing by Pease in the hydrogenation of ethylene and by Almquist and 
Black on the poisoning action of oxygen on water vapour in ammonia 
synthesis on iron catalysts were conspicuous examples of such studies. 
Over the 25-year period, and largely due to the work of Balandin in Russia, 
of Roberts on the properties of a clean tungsten wire surface and of Beeck 
and his co-workers on evaporated films, a contrary view has emerged which 
has sought the interpretation of catalysis solely in terms of the properties 
of plane faces of crystalline materials, which, by specialized techniques, 
could be studied in a clean " condition. It is my purpose to attempt 
a reconciliation of these two points of view in a more generalized and uni- 
f3ring concept. 

A recent research by McGeer * on the exchange reaction between light 
and heavy nitrogen on iron synthetic ammonia catalysis and on rhenium 
surfaces at 450° C provides a clue to such an attempt. The velocity of 

® Emmett and Brunauer, J. Amer, Chem, Soc., 1940, 6a, 1732. 

* McGeer, Thesis (Princeton, 1949). 
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reaction was shown to be very sensitive to the reduction process to which 
the catalyst was submitted prior to the velocity measurements. In 
Fig. I the slowest rate is that of an iron-alumina catalyst (No 054 » % 

AlgOj) which had Ix'en prepared by reduction at 450® C with a fast stream 
of tank hydrogen containing 0*15 % oxygon. The intermediate rate 
shows the rate of exchange when the same catalyst was subjected to re¬ 
duction in a stream of Jiydrogen trom which oxygen and water vapour 
hud Ixjen removi'd by the nonnal tecluiiques of oxygen removal and drying 
ol the gas str<‘am. The n'sidual wat<‘r vapour was ])robal)ly well below 
o-oi %. The fastest rale of exchange was obtained when excessive pre¬ 
cautions were taken to ensure dry, oxygen-free hydrogen for reduction. 
Similar findings resulted with the rhenium catalyst. The data suffice 
to show how very sensitive the exchange reaction is to the residual traces 
of oxygen that are left on an iron surface even with good reduction tech¬ 
niques. In the terminology of 20 years ago this is a typical example of 
active centres on a technical catalyst. It parallels entirely, as it 
should, the quantitative data obtained by Almquist and Black® on an 
iron-alumina catalyst in ammonia synthesis in presence of water vapour 
as a poison. The data in Table II recall some of these results. 

TABLE 11 .—Ammonia Yield at a Space Velocity of 25,000, 444^0 and 

I ATM. Pressure 


Mg : O2 retained by catalyst . 

0 

5*5 


% NH3 produced 

0*22 

o*o() 

0*03 


The very marked effect of the first 5 mg. of oxygen retained is the 
moie striking since, from B.E.T. measurements of the surface area of this 
catalyst, only 10 to 15 % of the total surface would be covered by this 
oxygen. Because the ammonia synthesis reaction is determined in rate 
by the slow step of chemisorption of nitrogen it is apparent that wc must 
seek the interpretation of the active centres ** or quasi-heterogeneity 
in the effect of adsorbed oxygen on the surfaces of the iron crystallites. 
The presence of oxygen results in an incieased energy of activation of 
nitrogen adsorption on the iron surface. 

A generalization of this point of view for technical catalysts makes 
possible a reconciliation between the findings of those who have worked 
with clean tungsten wires and evaporated metal films and those whose 
attention has centred on the properties of technical catalysts. In each 
case one is concerned with the properties of one or more crystal faces of 
a particular catalytic species. In the case of technical catalysts, however, 
these properties may be profoundly modified by the presenoo of poisons 
as adsort^d oxygen or added ingredients such as alumina in the case 
just considered. 

Our knowledge in this area is being rapidly increased by reason of the 
studies ol electron emission from hot wires and by studies of the properties 
of semi-conductors. One need only cite the beautiful studies of Milller ® 
and of Jenkins ’ relative to the emission of electrons from fine tungsten 
points as revealed by the field-emission projection electron microscope, 
and the influence of adsorbed oxygen, barium, thorium and sodium on 
the emission process. The varying activity of diSerent crystal faces, 
the preferential adsorption of the poison on particular faces and the 
migration of poisons at definite temperatures can be visually demon¬ 
strated. Especially, however, the data accumulating on semi-conductors 
demonstrate how profoundly the conducting properties of a pure substance 

» Alniquist and Black, J. Amer, Chsm, Soc,, 1926, 48, 2814. 

® MUUer, Z. phystk,, 1949, 642, 

’ Jenkins, Reports Prog, Physics, 1943, 9, 177. 
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can be modified by traces of a prescribed impurity. One may cite in this 
respect the recent data of Pearson and Bardeen ® on the activation of 
silicon as a semi-conductor by additions of boron. The addition of 0-0013 
atomic per cent of boron significantly changes the energy required to 
release an electron, whilst a concentration of 0-013 atomic per cent lowers 
this energy to zero. As Mott pointed out recently in the Kelvin Lecture • 
impurity centres may be imagined as gieat swoller * atoms ' extending 
over 10-20 lattice parameters ”, a concept pertinent to the whole problem 
of interaction between adsorbed species on a surface. We must assume, 
in the case of the iron-synthetic ammonia catalyst already discussed, 
that the presence of impurity centres raises the activation energy of ad¬ 
sorption of nitrogen as oxygen would raise the activation energy of con¬ 
duction in zinc oxide semi-conductors. In this manner the findings of 
Beeck on evaporated iron films can be correlated with those of Emmett 
and Brunauer and of McGeer with the technical iron catalysts. It is, 
on this basis, the impurity centre randomly distributed over the plane face 
of a crystal which would confer on such a crystal face quasi-heterogeneity. 

We can draw from the data on semi-conductors further analogies to 
problems of surface catalysis. Verwey,^® cited by Mott, has prepared 
semi-conducting NiO by dissolving in the lattice LigO, the radii of the 
Li+ and Ni++ being practically identical. On heating in air, Li+ replaces 
Ni++ in the lattice and foi each Li+ introduced a Ni+++ ion is formed. The 
latter are carriers of current by electron displacement. The magnetic 
measurements carried out by Selwood and his co-workers on valence 
induction in nickel and other oxides are illustrative of the same effect. 
Magnetic measurements, on nickel oxide impregnated on y-alumina sup¬ 
ports, indicate that the nickel is present in the trivalent form. On mag¬ 
nesia, the isomorphous divalent oxide is present. On the rutile structure 
of titania the nickel assumes a valency of four, the oxide being bright 
yellow in colour. Manganese and iron oxides behave similarly. The 
relation 01 valence induction to semi-conductors and to the whole problem 
of promoter action in catalysis is illuminated by such studies. Let us 
recall that the activation energy of adsorption of hydrogen by zinc oxide 
is markedly diminished by incorporating chromium oxide in the pre¬ 
paration. 

On the viewpoint here presented poisons and promoters become 
impurity centres in the normm lattice of the catalyst, the former tending 
to raise the activation energy of adsorption, the latter to lower it. 

A further factor which can be influenced by such impurity centres in 
a catalyst surface is the heat of adsorption. The data are scanty but 
what data are available tend to indicate that the meatsured heats of 
chemisorption are naarkedly less on technical catalysts than on the cor¬ 
responding evaporated filros. The data of Beeck recorded for this 
Discussion on a variety of metal films for hydrogen, ethylene and nitro¬ 
gen are conspicuously higher heats of adsorption than have been recorded 
by Beebe, Eucken and others with technical catalysts. Indeed, the high 
heats of adsorption on evaporated films constitute a grave disadvantage 
of these films regarded as catalysts. They are, indeed, clean, but they 
“ die ” after brief experimentation because they are self-poisoned owing 
to the high heats of adsorption of one or more of the reactants. The 
technical catalysts, though ” dirty”, at least ” live ”, largely because of 
the lower heats of binding to surfaces having ” impurity centres ”. From 
such circumstances it can result that a technical catadyst may have a 
higher activity than an evaporated film. Wright has made one such 

® Pearson and Bardeen, Physic, Rev., 1949, 75, 865, 

® Mott, Proc. Inst. Electr. Eng., 1949, 96, 253. 

10 Verwey, Haayman and Romeyn, Chem. Weekblad, 1948, 44, 705. 

Selwood, Bull. Soc, ck%m, France D, 1949, 489. 

Wnght, Thesis (Princeton, 1949). 
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concrete comparison. With 27 mj*. of a nickel-chromia (80 % "Ni) 
catalyst in a reaction volume of 350 cm.®, i.o. 0*077 catalyst per ciu.® 
gas, containing an ccjuimolir hyclrogon-ethyleiie mixture Wright found 
a half-life of f^/a “ 4 min. at —78® (\ Erom IVeck's data and his temper¬ 
ature coeflh'ient one computes a half-life of 45 min. at - 78^^ C with 30 mg. 
nickel film in a redact ion volume of 400 cm. or 0*075 mg. catalyst ])(‘r em.® 
of reacting gas. On this basis, the technical catalyst is ji times as 
clTicient as the evajHirated tilin. The cause is obvious from an examin¬ 
ation of Reeek’s paper to this Discussion on the reactions of liyilrocarbous. 
Most of his surface is covered with “ ac(‘tylenic residues " by reason of 
the high heat of cJicmisorption of ethylene, thereby becoming ineffective 
for the catalytic interaction. Beeck’s data on the heat ol adsorption of 
hydrogen on clean tantalum, 45 kcal., and on a nitrided tantalum film, 
27 kcal. are evidence for a lower heat of adsorption on metal surfaces 
covered in part with other constituents. Another method of formulating 
the same idea is that, with technical catalysis, the areas responsible for 
the high initial heats of adsorption found with metal films are already 
occupied by impurity centres. 

!]^eck*s data for heats of adsorption of hydrogen on his metal films 
vary directly with the change in ^ 2 -band character of the metals. Boudart 
has recently shown that Becck's measurements of activities in tli(' 
hydrogenation of ethylene on metal films increase with increasing rf-band 
character of the metallic bond Jis given by Pauling, with rhodium of 
maximum activity. This suggests that ** the lattice parameter is not to 
be considered solely as a cause but as an (effect. The primary cause has 
to be sought in the electronic structure of the metal imd a deeper insight 
into the latter may be obtained by means ol Pauling's theory." From 
this point of view there is a notable discrepancy between the findings with 
films and technical catalysts in the case of copper. Bceck reports no 
hydrogen adsorption on films of copper whose d-band is filled. Technical 
copper catalysts have revealed chemisorption of hydrogen from the 
earliest studies of adsorption on catalysts, with a heat of adsorption ot 
some 10 kcal. It is pertinent to ask whether this discrepancy is to be 
associated with the intrinsic nature of technical copper catalysts, to what 
extent it may be a function of a mixed Cu+—Cu++ structure deriving from 
impurity centres of a promoting character. 

Similar considerations, involvmg activation energy or heat of adsorption 
or both, animate the research work on catalysis by metal alloy systems. 
Schwab associates the catalysis in the decomposition of fonnic acid, on 
alloys of silver and of gold,^* with a variety of metals giving both homo¬ 
geneous and heterogeneous phases, with an entry of protons into the 
intorlatiice planes and electrons dissolving in the olociron gas of the 
metal, the required activation energy depending on the degree of com¬ 
pletion of Brillouin zones which define the allowed electron energies in 
the metallic stiucture. Similarly Couper and Eley have associated 
the increase in activation energy of the hydrogen-deuterium exchange 
with the filling of the partly empty i?-band of palladium by alloying with 
gold. Dowden “ has treated the problem m detail theoretically and 
Reynolds ” has applied the treatment to experimental findings on homo¬ 
geneous solid solution binaiy alloys of Group VIII metals with copper. 
In all such cases both activity and activation energy should be studied ; 
it is preferable also to study exchange reactions between isotopic mole¬ 
cules in order to mmimize the influence of other factors such as displace¬ 
ment effects when two different molecular species are competing for a 
given surface. In this area there is a wealth of experimental opportunity. 

“ Boudaxt, J. Amer. Chem. Soc., 1950, 7a, 1040. 

“ Schwab, Trans, Faraday Soc,, 1946, 4a, 689. 

Couper and Eley, Nature, 1949, 164, 578. 

w Dowden, Chem. and Ind., 1949, 320 ; J. Chem, Soc., 1950, 242. 

” Reynolds, Chem. and Ind., 1949, 320 ; J. Chem. Soc., 1950, 265. 
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Parallel studies with oxide systems will be equally interesting. In 
these, the properties of the catalytic oxide viewed as a semi-conductor 
will bo useful aids to understanding. One example is copper oxide, 
recently examined by Garner, Gray and Stone,1® in terms of the electrical 
conductivities of thin films during formation, on reduction and after 
adsorption of gases. Oxygen enhances, hydrogen and carbon monoxide 
depress the conductivity ol the CuaO—CuO surface. The conductivity is 
interpreted in terms of a movement of electrons across an array of Cu+ 
and Cu++ ions. In contrast to cuprous oxide which is an oxidation 
semi-conductor, zinc oxide is a reduction semi-conductor losing oxygen 
in a vacuum, the conductivity increasing and the excess zinc atoms enter¬ 
ing interstitially into the lattice as ions, the electron being held in the field 
of the positive charge. In this way the oxide acquires the characteristics 
of a metal, hydrogenating in character. Foreign ions can enter the 
lattice substitution^ly and interstitially, electrons being trapped in their 
fields, the radius of the orbit of the trapped electron extending over several 
interatomic distances. The conductivity of the semi-conductors varies 
with the temperature and there is evidence that a whole spectrum of 
energies may be involved. 

Our knowledge of the properties of solid catalysts conferred by im¬ 
purity centres or admixtures of two or more constituents is still very 
much in the qualitative stage. It is known that the admixture of alu¬ 
minium oxide in magneti,.c increases considerably the difficulty of re¬ 
duction of the iron oxide. On the other hand the admixture of alumina 
has little influence on the dissociation pressure of copper oxide, but in¬ 
creases considerably the oxygen dissociation pressure with cerium oxide, 
Ce02. Chromium oxide admixture strongly increases the dissociation 
pressure of copper oxide. These findings on dissociation pressure are 
paralleled by the results of Rien§,cker on the catal5rtic activity of such 
mixed oxides in the oxidation of carbon monoxide. The added oxide in¬ 
fluences both activity and activation energy of the basic catalyst, with 
marked lowering of the activation energy in those cases where admixture 
of the second oxide increases the oxygen dissociation pressure, and with 
increase of activation when the added oxide decreases the reducibility of 
the basic catalyst. 

In the older literature there are many such examples. The old data 
of Kendall and Fuchs on the influence of added oxides on oxygen 
release from barium peroxide, silver and mercuric oxides need to be 
recalled. The influence of added oxides on the slow sorption of hydrogen 
as illustrated by the accelerating influence of chromium oxide and the 
retarding effect of molybdenum oxide on the adsorption of hydrogen by 
zinc oxide is an example in another area. Such material should now 
be re-examined in the light of data revealed by Selwood on valence in¬ 
duction and with the newei techniques stemming from the study of semi¬ 
conductors. The catalyst itself, rather than the reactions which occur 
on it, seems to be the principal objective for future research in the coming 
years. 

This is not to deny the importance of a study of such reactions, since 
they, also, can reveal the nature and action of the catalyst surface. An 
excellent example in this respect is the recent work on the nature and 
functions of cracking catalysts, as exemplified by the recent con¬ 
clusions of Greensfelder, Voge and Good ^ based on earlier work and 
newer investigations of the cracking of cetane, cetene and other hydro¬ 
carbons thermally and over catalysts such as activated carbon, alumina, 
silica and alumina-silica commercial cracking catalysts. Two funda¬ 
mental types of cracking emerge, characteristic both as to the type of 

• Gamer, Gray and Stone, Proc, Roy. Soc. A, 1949, 197, 294. 

Rienacker, Z. anorg. Chem., 1949, 258, 280, 

Kendall and Fuchs, J. Amer. Chem, Soc., 1921, 43 * 2017. 

Greensfelder, Voge and Good, Ind. Eng. Chem., 1949, 41, 2573. 
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primary and secondary reactions. Two ty^jes of mechanism are involved. 
The one involves free radical fragments and the pattern of cracking is 
described by the Rice-Kossiakoff theory of crackmg. This mechanism 
is characteristic of thermal ciacking. The other mechanism is ionic in 
nature conforming closely to acid-activated, carbonium ion mechanism. 
Commercial acid-treated clays and .sjmlholic silica* alumina catalysts arc 
of the latter type. Activated carbon, an active, lum-acidic catalyst 
gives a product distribution which cmi b(' mterprctecl as a Ireo-nulical 
type of cracking, quenched, as compared witli Ihemial crackmg, by 
reaction ol free radicals witli chemisorbed hydrogen on the catalyst to 
yield the corresponding normal paraffin. With silica-alumina, acidic- 
type catalysts, isomerizat ion accompanies cracking to yield its particular 
spectrum of products. Such acidic surfaces arc poisoned six^cifically 
by organic bases such as quinoline and by potash, ammonia and other 
alkalis. Oblad and his co-workcrs indicate that some 4 % of the total 
surface is involved in such cat ilyscs. 

Volkenstcin has recently analyzed the concepts of adsorption and of 
adsorption kinetics from the standpoint of the solid catalyst viewed as a 
structure containing a certain concentration of lattice defects, two-fold 
in nature. On the one hand, there are macro-defects, sucli as cracks, 
whose perturbations exceed those of the crystallographic unit. On the 
other hand, there arc micro-defects which exercise perturbations of the 
order of the unit cell, tlie periodic structure being re-established at a 
distance of a few lattice parameters. In the terminology of semi¬ 
conductors, these defects include holes or vacant sites, interstitial atoms 
or ions, ions in a heteropolar lattice with normal position but anomalous 
charge, or foreign atoms in substitional or interstitial positions. Such 
defects deform a region of the lattice and it is the region which should 
be regarded as the defect. It is with the properties of such regions that 
catalysis may well be associated. Volkenstcin introduces into his con¬ 
siderations the concept of mobility of micro-defects with an associated 
activation energy determined by the nature of the defect and the lattice 
and by the direction of migration. These micro-defects may react, attract 
or repel each other, dependent on the charges involved. Two defects 
may interact to produce a new defect with different properties. 

Volkenstein envisages the disorder " in terms of the total number 
ol defects which is small compared with the total number of unit cells. 
Disorder may be “ biographical ”, that which is present at 0° K and arising 
from the circumstances of the catalyst preparation or it may be ” thermal ” 
or that which results from the efect of temperature. The biographicnl 
disorder x, at o® K will increase progressively with temperature to a 
maximum y at T *=? 00, the thermal disorder at any temperature varying 
from o at r « o® K to y—at T = 00. The relative importance of 
biographical and thermal disorder depends both on the temperature and 
the ” biography ”. 

In the older theories of adsorption one assumes (a) constancy of ad¬ 
sorption centres, (6) immobility of adsorption sites, and (c) invariance 
of sites with coverage. None of these assumptions enter necessarily into 
Volkenstein's teeatment. Volkenstein assumes that adsorption occurs in 
the defect region. With one kind of defect the surface is energetically 
homogeneous. With differing defects there will be heterogeneity. Ad¬ 
sorption creates new centres. Increase of temperature increases the 
number of adsorption centres up to but not beyond the maximum, y. 
Volkenstein shows ^at the Langmuir isotherm results when the whole 
disorder is biographical. When, however, the defect is thermal involving 
an absorption of energy w, then, depending on the nature of the process 
producing the new defect whether unimolecular or by bimolecular inter¬ 
action of two defects, the mathematics shows tliat, with no heterogeneity 

** Volkenstem, Zhurr, Fiz, Khim., 1949, 23, 917. 
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of sites and without interaction between adsorbed atoms, the adsorption 
isotherm may conform to the Freundlich equation, Wads -= and tlie 

diiferential heat of adsorption can fall from an initial value ^ to a minimum 
q -- u. The curve obtained is reverse sigmoid falling at first slowly, then 
rapidly and finally asymptotically to ^ — w at complete coverage. The 
adsorption centres on the crystal surface opt^ate as a kind of plane gas 
the concentration of which increases on filling up and the change of energy 
of which is measured by the differential heat of adsorption. 

For the kmetics of adsorption the bimolecular production of sites can 
be shown to yield either a rapid Langmuir kinetics determined by the 
rate at which molecules strike the surface or an adsorption proportional 
to the square root of the time. For a unimolecular production of sites 
the kinetic expression for adsorption is that tjTpical of the so-called activ¬ 
ated adsorption, h exp (— F»ct/i?T). In the theory of activated 
adsorption a potential barrier between adsorption sites and impinging 
molecule is assumed. In Volkenstein's treatment it is the number of 
sites which increases with temperature and proportionally to exp (—w/RT). 
No potential barrier is assumed. An alternative method of stating the 
same is to say that the number of sites remains constant but the number of 
excited centres which are able to absorb increases as observed. 

There are several observations from the older literature on activated 
adsorption which can readily be interpreted on the bases of the Volkenstein 
concepts. In the General Discussion for 1932 it was pointed out that the 
velocity of activated adsorption of hydrogen as measured on zinc oxide 
was very much smaller than the number of molecules striking the surface 
with the necessary activation energy. Our subsequent knowledge, from 
B.E.T. measurements, of surface area indicates that the discrepancy be¬ 
tween calculation and observation was of the order of 10*. A similar 
discrepancy was noted by Emmett and Brunauer ® in their careful 
measurements of the velocity and activation energy of adsorption of 
nitrogen on S3mthetic ammonia catal3rsts. In this case the discrepancy 
was at least of the order of 10®. From Volkenstein's point of view these 
data would involve both the concentration of defect centres and the 
activation energy of adsorption of the molecule. In the case of doubly- 
promoted ammonia synthesis catalysts this might well be associated with 
the iron-potassium-oxide-aluminium oxide centres where the varying 
valency of iron, the univalent potassium and the trivalent aluminium 
ions suggest at once the possibility of lattice defects, as was pointed out 
to me by Boudart. Boudart has also emphasized in this regard the ob¬ 
servations of Pace and myself ** on the identity in the velocities of adsorp¬ 
tion of hydrogen and deuterium on oxide cat^ysts which led to the con¬ 
clusion that “ the activation energy necessary is required by the solid 
adsorbent Other data on the mfluence of pressure on the velocity of 
chemisorption of hydrogen on oxides such as chromium oxide gel are also 
in agreement with the view that velocity is not determined by the number 
of molecules striking the surface. To account for the slow sorptions ob¬ 
served it was earlier suggested that interaction must occur between the 
adsorbent and van der Waals' adsorbed gas. The Volkenstein concept 
represents a mechanism by which such would be achieved. 

The apparent saturation capacity of an oxide surface for hydrogen 
adsorption at a given temperature and the large change to a new apparent 
saturation at another temperature, facts famfiiar to all who have studied 
the slow sorption processes on cxides, should be re-studied in reference 
to Volkenstein's assumption that the sites available for adsorption, the 
“ thermal" sites, vary with temperature. On this view the measure¬ 
ments of Shou-Chu Liang®* and the writer would gain new significance. 
In biief, measurements of slow sorption on oxide surfaces need to be 

Pace and Taylor, J, Chem, Physics, 1934, a, 578. 

®* Taylor and Liang, J. Amer, Chem, Soc„ 1947, 69, 1306. 
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re-examined from the standpoint of the entropy as well as llio energy of 
activation. 

In retrospect, three decades of scientific elfort devoted to the science 
of catalytic phenomena have revealed a wealth of detail and understanding 
not available to the tediiu»logist iu the emjnrical deve]o])nu‘nts ot th(‘ 
ninctcouth and early twentieth centuries. The background of scientific 
theory and data that has been accumulated since Mr. Spit^rs first orgnnizc^d 
a General Discussion on ('atalysis luis led to a surer and swifter attack 
on any new catalytic problem that onicrges. Out of the discussions which 
will ensue, hero in Liverpool, we may anticipate a rect>nciliatioa of the 
several attitudes that sometimes have appeared to divide us, but are, in 
reality, a spur to further and continued ctfort towards the mastery of our 
science in an era which is of deep significance in all human afiairs. In 
prospect, therefore, the future of our science is both challenging and 
bright. 

Chemistry Departhnent, 

Princeton University, 

Princeton, N.J. 


I. THEORIES OF ADSORPTION AND PROPERTIES 
OF SURFACE LAYERS 

BEHAVIOUR OF A MOLECULE NEAR 
A METAL SURFACE 


By K. Huang ♦ and G. Wyllie 
Received i8fh November, 1949 

An account is given of the energy changes associated with electron transfer 
to or from a molecule at distances from the metal surface such that quantum- 
mechanical tunnel effect may be neglected. A .self-consistent treatment of the 
image field is used to find the dibtrihuiion of charge on a large adsoibed mole¬ 
cule. 

The modification in electronic structure of an adsorbed moh'cule iu conse¬ 
quence of the formation of a weak covalent bond with the metal is treated iu 
tenns of a very simple model. A possible semi-empirical approach to treatment 
of the catalytically active surface is examined. 


It is of interest in a number of applications to consider the interaction 
between a molecule and a metal surface. At large distances, this inter¬ 
action is of the same nature as the van der Waals' interaction between 
molecules, being attractive in character. This attractive potential has 
been discussed by a number of authors, especially Lennard-Jones, ^ and 
M^genau and Pollard.® The short-range interaction is of a more com¬ 
plicated character, and has only received a satisfactory discussion for 
the case in which the short-range forces are due to electron exchange 
and are purely repulsive.® 

* Now at Department of Theoretical Physics, Liverpool University. 

^ Lennaxd-Jones, Trans. Faraday Soc., 1932, 28, 334. 

* Margenau and Pollard, Physic. Rev., 1941, 60, 128. 

® Pollard, ibid., 1941. 60, 578. 
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Experimentally, it is usual to distinguish between physical adsorption 
and chemisorption, according as the binding energy between the adsorbed 
molecule and the solid surface is small or large. In physical adsorption 
the binding energy is of the order of the cohesive energy of a molec¬ 
ular crystal: in chemisorption it is of the order of the energy of an 
ionic or homopolar chemical bond. In the past, chemisorption has fre¬ 
quently been called “ activated adsorption,” vsince, in many cases it 
occurs comparatively slowly, and the temperature dependence of the 
rate corresponds to the necessity of a thermal activation energy. It 
seems, however, that chemisorption occurs instantly in those cases where 
experiments have been carried out with thoroughly clean metal surfaces 
(e.g. hydrogen on tungsten^), so it is at least possible that the observ^ed 
activation characterizes the displacement of a previously chemisorbed 
layer rather than the simple process of adsorption. 

It is generally observed that heterogeneous catalysis is accompanied 
by chemisorption of at least one of the reactants on the catalyst surface. 
It is thus of interest to enquire what changes in molecular structure 
may be expected to accompany chemisorption. The object of the present 
paper is to outline the relevant considerations and draw some qualitative 
conclusions. 

I. A number of workers (e.g. Nyrop,® Dowden,*» ’) have suggested 
electron transfer in one direction or the other as the essential process 
in catalytic action. We shall consider first of all the energy changes 
associated with such transfer, where the separation of molecule and metal 
is such that we may neglect the influence of quantum-mechanical tunnel 
effect on this energy. 

Suppose that the work function, which is both the first ionization 
potential and the electron af&nity of the metal, is x» ^^sit the electron 
af&nity of the free molecule is A and that its first ionization potential 
is 7. Then if molecule and metal are at a great distance from each other, 
the work done in transferring an electron from metal to molecule is 

and from molecule to metal 

= 7 - X. 

T5q>ical values of the quantities concerned are = 2 to 5 eV, A o to 
I eV, 7 = 9 to 12 eV, so that in general TV+ > > o. 

Let us suppose an electron to have been transferred in one direction 
or other. There now exists an electrostatic attraction between metal 
and ionized molecule. We discuss first the simple case in which the mole¬ 
cule consists of a single atom. The ion will polarize under the influence 
of the charge induced by itself on the metal surface, and so long as its 
interaction with that charge is sufficiently described by the image field, 
the electrostatic energy of the system when the ion is at a distance r 
from the surface is given by 

S - i! - 

• 4^ 64^* 8 g6r^ ’ 

where K is the polarizability of the ion in e.s.u. 

The approximation of the image field breaks down for static charges 
under two conditions, (i) if the surface charge density on the metal ap¬ 
proaches the value of one electron per surface atom; (ii) if the value of 
r diminishes below the effective diameter of a metal atom or of the ion, 
whichever is larger. 

The value of e^/4r is 2 eV for r = 2iA ; the second term in £, is gener¬ 
ally smaller. Thus, if has the rather small value of 2 eV, it is possible 

* Roberts, Some Problems in Adsorption (Cambridge University Press, 1939). 

® Nyrop, The Catalytic Action of Surfaces (Copenhagen, 1937). 

• Dowden, Research, 1948, i, 239. ’^Nature, 1949, 164, 51. 
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to form a negative ion near the surface at such a distance that the exchange 
interaction is negligible, without expenditure of energy. The ion will, 
of course, only be in equilibrium at such a distance if there is already 
some sort ol obstructing layer (e.g. of pnwiously adsorbed atoms) btdween 
it and the metal surface. 

A larger niolecuU‘ cannot be charaelerized electroslalically by a p<»int 
charge and point dijiole when it is at a distance from the surfaei^ compar¬ 
able with its own dimensions. We shall treat in some d(‘tail the ease 
of a relatively large conjugaU‘d system, in which the charge transferred 
to tlie molecule is small compared with the U)tal charge (.if the mobile 
electrons in the iionnal molecule, using a method developed by Coulsoii 
and bis co-workers.® 

In a molecule of this type there arc vacant molecular orbitals separat ed 
by only a small energy interval from the highest orbitals occu]>ied by 
the mobile electrons in the ground state of the normal molecule. The 
charge transferred from the metal will enter such vacant orbitals. 

The molecular orbitals of the mobile electrons arc constiucUxl as 
linear combinations of atomic orbitals ^ i, . . , N; we make the 
usual simplifying assumption that only one orbital on each atom need 
be considered. Coulson has defined polarizability coefficients 




- h* 

<)a*' 


(T) 


where q, is the number of mobile electrons on the atom and is the 
Coulomb integral for the atom i. XInder the condition mentioned above, 
i.e. that the fractional change in the q, is small, we may in a first approxim¬ 
ation treat these cocfiicients as having the same values in the adsorbed 
as in the normal molecule. 

In the final configuration of the molecule near the metal surface, 
there is an electrostatic field arising from the charge distribution on the 
molecule and its electneal image in the surface. This potential enters 
into the Coulomb integrals a„ causing a change A a, as compared with 
the values in the normal molecule. If then € be the average number of 
electrons per atom (concerned in mobile orbital formation) transferred 
to the molecule, and € -f- Aq, the actual excess on atom s, we have from 
(i) in a first approximation 

Aq, » fTgt Aoct, . . . . • (2) 

where the repetition of the dummy index t implied summation. 

In the model used, the charge « + Aq^ must be sup]x:>sed distributed 
according to the atomic orbital Thus we have the charge distribution 

- (* + - r,)\* 

where r, is the position vector of the sth nucleus, and this together witli 
its electrical image gives rise to a potential distribution which is every¬ 
where proportional to « -j- The potential occurs linearly in the 
integrand of the Coulomb integral (x,, so we have the strictly linear relation, 

Aoc, ^ aiu(^ + ^qu) .(3) 

The depend on the form of wave function involved and the geometrical 
configuration of the system. An example of their calculation for a par¬ 
ticular simple case is given in the Appendix a. 

Eqn, (2) and (3) together determine Ag, and Aa* for given for they 
can be combined to give the systems of linear equations 


^q» = «#«(« + Aq^), .... (4) 

Ao, = a^{€ Aa,).(5) 


«Longuet-Higgins and Coulson, Trans. Faraday Soc., 1947, 43, 87; Proc. 
Roy. Soc. A, 1947, 39* 
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These may be more neatly expressed in terms of the column matrices 
{A a} and the square matrices {rr} {«}, Then we have 

{ii — 7 ra}{Agf} ~ { 7 rtf}{€}, . . . (4fi) 

{/i - a^rKAa} - . . . (3ct) 

where {£} is the diagonal unit matrix and {«} is e times the unit column 
matrix {7}. 

There arc two physically interesting pOwSsibilities. If the molecule is, 
as discussed above, too far from the metal surface for tunnel effect to 
be of importance, e is simply an integral multiple of the reciprocal of 
the number of atoms sharing the mobile orbitals (e.g, 6 in benzene). If 
however, the molecule is close to the metal surface but not too much 
distorted, the above calculation may give a good description of the charge 
distribution except in those atoms which are directly bound to the surface. 
In this case, e is to be determined by the consideration that the highest 
occupied level in the molecule must now coincide in energy with the 
highest occupied level in the metal. 

As the energy eo of the highest filled level in the molecule is a function 
of the Coulomb integrals ce,, Coulson has introduced the derivatives 
which we shall denote by the row matrix 

m - {fi, . . . in) 

where 

Then in first approximation we must have 

I — X = . . . ( 6 ) 


at equilibrium, 
and hence 


It follows from (3a) that 

, =_ Lui _. 

{f]{£ - aw}-\a){iy 


(7) 

( 8 ) 


This in conjunction with (4a) gives the charge distribution in the adsorbed 
molecule. 


II, In the above calculation we have treated the image field in a 
self-consistent manner; in particular we have considered the electrons 
of the molecule as moving in the field of the electrical image of the average 
electron distribution rather than in the field of the image of the “ in¬ 
stantaneous electron configuration (we are here concerned with the 
fictitious classical configuration used in setting up the Hamiltonian of 
the system). It appears, however, from experiments on the emission 
of electrons from metal surfaces that electrons of energy sufiBlcient to 
escape from the metal move when near the surface in a field which is 
at least very closely approximated by the image field. This is the result 
of the correlation between the movements of the electron considered and 


those of the other electrons in the metal, which can be quantitatively 
expressed in terms of the density matrix of the metallic electrons.®* 

The correlation is less important the higher the kinetic energy of the 
electron. Crudely speaking, the conduction electrons of the metal no 
longer have time to adapt themselves to its motion. Thus the ** in¬ 
stantaneous rather than the average electrical image will be of importance 
only for the molecular orbitals of high energy (and so of low average 
kinetic energy). These are precisely the orbitals which are responsible 
for chemical binding. However, the difference between this and a self- 
consistent treatment can only become significant when the molecule 
is dealt with by a more precise method than that of linear combination 
of atomic orbitals used in § I. 


•Wigner and Seitz, Physic. Rev., 1934, 46, 509. Wigner, ibid,, 1934, 
1002. 

Herring and Nichols, Rev. Mod. Physics, 1949, 21, 185. 
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Bosvvorth has attempted to treat the adsorption of a hydrogen 
atom to a metal surface by a variational method, regarding the image 
potential as a ixjrturbation. He assumes a perturbed wave function of 
the form 

^ 01 . -h 021 . H- 023 >» 

and chooses tlie coeflicients wso as to minimize the energy of the system 
for a given distanci^ /C of lh(‘ nucleus from Ihe surface. The difUciilty 
of the calculation is that the integral of Ihc llaniiltonian divergtss at the 
surface unless the image field is correctly cut olf. Bosworth evades the 
dilficulty by assuming the analytic form, — for the potential 

energy of the image force lor positive and negative x, then integrating 
straight through the surface and taking the principal value of the resulting 
improper integral. This device is more ingenious than valid. In any 
case, a variation calculation which neglects exchange effects can in these 
circumstances claim little accuracy. 

A treatment of the exchange interaction between an atom and a 
metal surface by the Heitler-London method has been given by Pollard ® 
who obtains the energy of interaction in terms of a scries of integrals 
involving the density matrix of the metal and atom. He imposes, however, 
a restriction on the wave function of the system which is only justified 
by the supposition that the electrons of the metal are in pairs of opposite 
spin with identical space wave-functions. By doing so, he denies the 
possibility of covalent bond formation, which is essentially associated 
with spin exchange, and in consequence his results are only valuable for 
the repulsive exchange force in ph^^sical adsorption, which was the 
problem in which he was interested. 

An immediate corollary of Pollard’s work is that it is not possible 
by the Heitler-London method to predict important binding by exchange 
forces between an adsorbed radical and the free conduction electrons. 
It is necessary in this model that an electron of the metal should have a 
localized wave-function, more nearly approximating an atomic orbital 
than a Bloch wave, for formation of a covalent link. On the other hand, 
it is evident from consideration of the usual LCAO molecular-orbital 
treatment of the addition of an atom to a linear chain of similar atoms, 
each contributing one binding electron, that in this model it is just the 
lowering in energy of all the electron waves by the altered boundary con 
dition that gives rise to the binding of the new atom. A distinction 
between the two approximations in a given case may be made by magnetic 
determinations, as one would expect a stronger suppression of ])ara- 
magnetism if the Heitler-London picture is in l>cUcr accord with the 
phjrsical facts. 

In order to have some indication of the effects of a covalent link be¬ 
tween molecule and metal, we have used the LCAO molecular-orbital 
method to discuss the simplest model which can be expected to give 
relevant results. We consider two linear chains of identical atoms, 
coupled end to end, and examine the electron distribution in one of them 
when the number of atoms in the other tends to infinity. This constitutes 
a reduced model of a polyolefine free radical interacting end on with a 
metal surface. The calculation will merely be outlined here, details 
being given in Appendix b. 

For convenience, we consider the number of atoms in each chain to 
be even, 2w in the first, zr in the second, and allow r to tend to infinity. 
The secular equation is set up in the usual way, and with some manipula¬ 
tion reduces to the form 

(cos 9 -I- sin $ cot 2m6){cos 6 + sin 9 cot 2rd) =* o. 

Evidently this equation has a root 9 f in each interval between successive 
singularities of cot 2rd, and two roots in any such interval which also 

Bosworth, Proc. Roy, Soc., New South Wales, 1941, 74, 538, 

Pollard, Physic, Rev,, 1939, 56, 324. 
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contains a zero ol sin (zw + 1)8. The regularity of this distribution is 
sufficient to ensure that if f(8) is a function analytic in the interval 

a< 6 <b. 


I M) 

a<6t<b 



as y -> 00, 


Examination of the coefficients in the orbitals of the whole system for 
varying values of 6^ shows that we may regard the orbitals of the whole 
system, which are regularly spaced in 9 , as divided into bands centred 
on the levels for the short chain by itself (corresponding to the zeros of 
sin (2m + i) 0 ), the electronic charge in an orbital diminishing sharply 
with increasing separation in energy from the centre of its band (for the 
short chain of 2m atoms). 

The electronic charge on a given atom due to all the orbitals in the 
band corresponding to a single level of the short chain may then be evalu¬ 
ated by integration in the limiting case. After some approximation, 
we find’ for the number of electrons on the 5 th atom, counting from the 
free end of the chain, contributed by the Zth band 


[ 


’)■] 


X cos 


2S 


.2m + I 


sVI 8 **sin* [lirKim + i)]'^ *' 

2 m H- I 

I — 8 *) sin [2lrrl(2m -j- l)] 


- 


)]}• 


where = S-® — 2 cos* [In/{2m + i)] -f- 8 * cos [2lirl(2m -f i)], 
and 8 is the ratio of the exchange integral between the two atoms at the 
coupled ends of the chains to the exchange integral between neighbouring 
atoms in either chain. The approximations used are valid for small 8 ; 
for sufficiently small 8 the above rather clumsy expiession is quite well 
approximated by 

I r r tts* ^ \n 25/77 1 

-;—.4 I — exp — ,-;— 8 * sin* -;—) cos-1— y. 

2m -f 11 L {2m -f i)* \2m + 1/J 2m + ij 

The corresponding expression for the free chain is 

I / 2slrr \ 

-— ( I — cos -1- ) . 

27 W + I \ 2m -f 1/ 

It thus appears that the effect of coupling to a long similar chain is 
to smooth out the charge variations in each orbital towards the coupled 
end of the short chain, the effect being most marked for the occupied 
levels of higher energy (/ approaching 111), The importance of geometrical 
factors for this type of binding is indicated by the high power of 8 appear¬ 
ing in the exponential, 8 being itself a very steeply varying function of 
the atomic separation. 

A similar calculation carried through for the case that the two chains 
consist of different atomic species proved the inadequacy of the simple 
LCAO method. The difficulty is of the same type as arises in the dis¬ 
cussion of heterocyclic compounds.® 

Unfortunately, it is much easier to obtain a reasonable approximation 
to the charge distribution, by methods of the sort discussed above, than 
to obtain a sufficient approximation to the energy of the system to be 
able to choose reliably between different, a priori reasonable, molecular 
configurations. In order to approach this latter problem, it will be neces¬ 
sary to consider a specific system and use a much more empirical method. 
However, we may, from the point of view developed here, estimate what 
might be a profitable approach. 

The heterogeneous catalytic reactions which have been most ex¬ 
tensively studied under well-controlled conditions are the ortho-para- 
hydrogen conversion, hydrogen-deuterium exchange, and various hydro¬ 
genation reactions catalyzed by transition metals, especially of the nickel. 
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tungsten, palladium, platinum family. These metals have high work 
functions which are nevertheless considerably lower than the first 
ionization potentials of the molecules concerned. It is therefore not 
possible to account for their catalytic effectiveness in terms of simple 
electron transfer in either direction, which we have discussed in § T, 
They have unlilled d levels, which lend themselves, according to the 
Pauling picture of directed valence to the formation of complex bond- 
systems. They are strongly ])aramagnetic, and the paramagnetism of 
the powdered metals is strongly inllucnced by the chcmisor],)tion of a 
catalytic poison.A preliminary account of experimental work on the 
relation between catalytic properties and the electronic band structure 
of the catalyst is given by Couper and Elcy.^® 

It thus appears probable that a representation of electronic conditions 
at the catalytic metal surface in terms of Pauling’s resonating bond theory 
of the metal structure, with the formation of largely covalent bonds 
between definite metal atoms and the adsorbed reactants, should give 
a reasonable physical approximation to the real situation. 

The authors are indebted to Dr. D. D. Eley, Prof. C. A. Coiilson and 
Prof. N. F. Mott for illuminating discussion of various aspects of the subject- 
matter of this note. One of us (G. W.) is indebted to the Anglo-Iranian 
Oil Co. Ltd., for a grant which made this work possible. 

Appendix A.—Calculation of fa} in a Concrete Case. 

As an example, we shall consider an ideal model most suited for our treat¬ 
ment. It consists of a linear molecule perpendicular to the metal surface. 
The interatomic di.stancc and the distance of the first atom from the metal 
surface is assumed to be both equal to d. 


<d> 

Metal 


< d > 


The atomic orbitals arc the usual p function which we assume to be given 
by the Slater typo of function ; 

: r cos B e~ .(12) 

Since the rigorous integration to obtain in the manner we have described 
above is not possible analytically for s + ^ we shall suppose that the distri¬ 
bution 1^1* which consists of the two well-lcnown symmetric loops can bo re¬ 
placed by two points at the charge-centres of the loops. The distance of the 
charge centre from the symmetry plane is given by 

2 f*dr sin | ^|* r cos B 


This value leads immediately to the following expression for 
Oh = + 4 (^)*]'* + (« + 

+ [(« - «)>d» + 4(g)‘]‘* + 1 (« - s + t. (14) 


^ Pauling, Pfoc, Roy, Soc, A, 1949, 196, 343. 

Dilke, Eley and Maxted, Nature, 1948, 161, 804. 
“ Couper and Eley, ibid,, 1949, 164, 578. 
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For s — we have the contribution from the image and the density itself: 
the former contribution can be obtained with the similar approximation as 
before 

+ (y^) “] '* + (S<^) -‘} • ■ ■ (15) 

For the contribution of the density itself the above approximation obviously 
breaks down. But we shall find the rigorous integration can be carried through 
in this case. In accordance of the procedure we have described above 
is given by the following integral: 


^ sin sin d^f ^ 


s» e cos* e'e-2a»(’'+'') 


The angular parts as they stand are not convenient for integration, but they may 
be readily converted to the desirable form. The integrand is seen only to in¬ 
volve the relative angles between the fixed ^-function axis and the two vectors 
r and and the integrations over the angles are just uniform integration over 
all directions of r. Clearly we may replace them by integrating over all direc¬ 
tions of the ^-function axis and that of r', whereas regarding r as fixed in 
direction. The integral becomes then 




" 2^ cos^ 6' (cos d cos 6' sin d sin 6' cos 
\/(r* + — 2yr' cos 6 ) 


]• 


where the ^ integration of r is carried out. 

All the successive integrations can be carried out by elementary means, 
and the final result is 

.... (r6) 




(15) and (16) combined give; 

= + . . (17) 


Appendix B; —Consider a chain of 2m + 2y similar atoms, of which the 
first 2m are evenly spaced, while the successive 2r are also evenly spaced with 
the same interval but the space between the 2wth and (2w -I- i)th atoms is 
different from the others. Let the wave function for a valence electron in a 
single atom separated from the rest be 0 the corresponding energy and the 
exchange integral between neighbouring atoms at the normal separation be jS, 
while that between the 2with and (2wi -|- i)th atoms is SjS. Then if the wave 
function of an electron in the chain be represented by a linear combination of 
the available wave functions of lowest energy of the different atoms 

= a{ + aytz . . ., 

and if we neglect all interactions except that of nearest neighbours, the energies 
E(= Eq -}- €) of the states available for the electrons are given by the secular 
equation: 


* -p 

-p * -P 
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-p '^s -sp 
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where all the elements not on the three middle dia{»oiial lines arc 7ero. If now 
we substitute € — 2j8 cos 0 , this equation reduces to 

sin {ir H- O^sin (zm I- i)g 
sin 2i'<? sill zniO 

which may be written in the foim 

(cot 0 1 sin 0 cot 2w/0)(cos 0 | sin 0 col dO) S**. 

Evidently this equation has a rool Qt in (‘ach inteival between sneeessivt* .-.ingular- 
ities ol cot 2r0, and two roots in those ot these int<*rv'als which also contain a 
zero ol sin (aw + i) 0 . The icf>ulanty ot this distiibulion is sullicient to ensure 
that, il /( 0 ) is a function analytic in the interval « < 0 < 6 

a^Of^b 

Again, for a given value ol 0 , the coefficients are determined by the set of 
linear equations : 

— 2 cos doi + o 

cos 0 4 o 

- cos 0 -I 8 ^/am! i « 

S«im - iffamiiCOh 9 I «j»u O 


^ami-ar-i "" ir 


fir <^os 0 o. 


{ 2im-2n -N “ir 

2 

««1 J 


where = sin sd, where s - i, a, . . . aw. 


^ ( 8 sin 0 )“^[sin (2w+i)0 sin %0— 8 ^ sin aw0 sin (» —i)0]«--x, . . 
The denominator in a, reduces to 




f I sin 2 W 0 , , , ^ 

{2w + i)0 

q- (8 sin 0)-'®j^sin®(2w + (21^+1)^^ 

— 8® sin imd sin (2W -j- x)0^aA' cos 0 — 

•f 8‘ sin* znisfr — cos (zr — 0^ 1V- 

\ 2 sin 0 ' J J 

If r is large, this may bo approximated by 

^ + y/sin* 0[8-* sin* {zm + i)0 ~ a cos 0 sin (2w -f i)0 sin 2w0 8* sin* 

where ^ is of the same order of magnitude as m. 

The factor to be multiplied by y/sin* 0 is a positive definite form, so for very 
large r the denominator in tends to 

{r[8* + sin* (aw + i)0 sin-* 0(8“* — 2 cos* 0 + 8* cos 20) 

+ sin (2w + i)0 cos (aw + i)0 sin-* 0 sin 20(i — 8*)]}*. 

If, then, we suppose 8 to be small, we see that the coefficients of the atomic 
wave functions in the group i, ... aw will be small unless sin (aw + a)0 is 
also small. 

Thus for the first aw atoms we may regard the almost uniformly spaced 
energy levels of the system as divided into bands centred on the levels for the 
aw cha i n by itself (the zeros of sin (aw + i)0), with the degree of occupation of 
the levels in any band falling ofi with distance from the centre. 

Within a given band, then, the electronic charge on the 5th atom (5 < aw) 
due to a given orbital may be approximated by 

sin* 50 
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whore ai, are constant, since the ciicular functions of Q, 2d vary only slowly 
with 0 in comparison with those of (2;w + 1)^. The total electronic charge on 
this atom due to orbitals within the band is then the sum ot all the similar terms 
for which B lies between (I — J) w and (/ + where w wKzm -|- i), I being 
some integer. Then, as observed above, if we make r tend to infinity, this sum 
can be replaced by the integral, 

2 r 7 +i)»* sin^ l^B'Kzm + t)] cir 

[zm I 1)77 J(/ I sin** 0 'd sm 6' cos 0'* 

where we have replaced (2m + i)0 by 0' in the above expression. 

If s is so small that sin* [i'0'/(2m 4 - 1)] may be taken as constant, the integral 
can be evaluated at once, giving sin* slwl(m + J) in precise agreement witli 
the expression for the charge on the sth atom due to the corresponding orbital 
in the isolated 2m chain. For larger s, however, the integral cannot be so 
simply evaluated. If we replace sin 0 ' by .r and approximate to the quadratic 
denominator by A extending the range of integration in x from — co 

to + 00, and choosing the constants A, B, a to give the correct minimum value 
of the denominator at the correct place, and the correct value of the integral 
for small $, we obtain for the charge on the 5 th atom due to the /th band 


1 

2 W 4 - I 



where 


r 25 /, I — 8* . 2/77 y \ \ 

|2w4“J\ 2^1 2W4-1/JJ 

= 8-* - 2 cos« . - + 8» cos . 

^ zm + I 2m 4- 1 
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ON CONDITIONS FOR THE EXISTENCE 
OF SURFACE STATES 


By C. a. Coulson and G. R. Baldock 
Received i^th February, 1950 

The existence or non-existence of surface states on the boundary of a mono¬ 
valent metal is investigated fuUy for simple cubic modds in i, 2 and 3 dimen¬ 
sions, using the molecular modification of Bloch wave functions. Limiting 
values are found for the necessary changes required at the surface atoms, both 
for their Coulombic (electronegativity) terms a and their resonance integrals p. 
It is shown that surface states may be induced by the perturbation caused by 
the approach of a polar, or ionic, group ; and that such surface states are more 
easily produced close together than separately. In certain non-cubic systems, 
e.g. graphite, surface states exist even without any necessary changes in a or 
on the boundary. Finally, a series of recent theorems on the charge distribu¬ 
tion in large molecules is applied to a study of the alternating charge distribution 
sometimes associated with surface states. 


From the earliest recognition that there were sometimes surface 
states associated with a metal, their importance for all types of surface 
reactions has been appreciated. But very few attempts have been made 
to see under what conditions such states appear. It is our intention 
in this note to present some preliminary results which we have just 
obtained in this field. Since a more complete account of this work will 
be presented later, we shall be content here merely to summarize our 
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conclusions, without giving many details of the procedure by which 
they have been obtained. 

After we have descrilK‘d the model and our notation, it will be con¬ 
venient to report our results first for the simple cubic lattice in one, two 
or three dimensions, and then for other lattices. We conclude with a 
short discussion of the validity and relevance of the idea of surfiu'e states, 
using for this purpose some known re.sults in tht‘ theory of molecular 
structure. 

Notation.—As is usual, we treat a metal by the liloch method or, 
more properly, by the “ molecular modification of it w'hich recognizes 
the existence of one or more boundaries of the metal, and therefore 
replaces the progressive waves of Bloch^s treatment by stationary'- weaves 
such as (i) below, in which all the coeflicicnts are real. This is simply 
the familiar molecular-orbital method extended to much larger molecules 
than those normally found in chemistry, and occupying one, two or throe 
dimensions. This link with molecules will enable us to make use of 
several quite general theorems recently established in this field (the so- 
called LCAO approximation). 1 

As in the work of Goodwin ^ and others, the metal is supposed to con¬ 
sist of a large, but finite, number of positively charged atoms which pro¬ 
vide an efiective field lor the conduction electrons. Each conduction 
electron is governed by the same Hamiltonian li. Its motion is described 
by .stationary de Broglie waves, which are solutions of the wave equation 
The tight-binding a])proximation ® is used to represent the 
appropriate single-electron wave functions, so that, if the atoms are 
suitably ordered, any such orbital is 

^ . , . . • (i) 

where the are constants to be determined by a variational calculation 
and <l>r is the atomic orbital which would be used by the conduction electron 
if it were in the presence of atom r only. We are implicitly neglecting 
any of the hybridization recently proposed for metals by Pauling,* and 
we concentrate for the moment on systems where all, or nearly all, of the 
atoms contribute one metallic electron. This model is essentially the 
same as that used by Goodwin, though wo differ from him in the way we 
deal with the boundary of the array and also in our inclusion of certain 
overlap integrals. 

Let us put oc, = 

.( 2 ) 

Then oLf may be called, in molecular language, the Coulomb term of atom 
r, and ft* and S,, are the resonance and overlap integrals between atoms 
r and 5. Without loss of generality we may take each to be real; this 
makes both ft* and S,., real also, and symmetric in r and s. The coefficients 
Cf and the energy E of the orbital (i) are now related by means of the 
secular equations: 

c,(a, — £) + — ES„) = o, r = I, 2,.(3) 

8 

The summation in (3) is taken over all the atoms of -fche metal except r, 
and there is one equation for each atom r. If we decide to retain ft* 

^Coulson and Longuet-Higgins, Proc, Roy. Soc. A, 1947, 191, 39; 1947, 
192* 15 ; 1948, l93t 447. 45^ ; 1948, I95» 188. 

* Goodwin, Proc. Camb. Phil. Soc.t 1939, 35, 205. 

* Mott and Jones, Theory of the Properties of Metals and Alloys (Oxford 

Univ. Press, 1936). ‘Pauling, Proc. Roy. Soc. A, 1949. 196, 343. 
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between adjacent atoms only, relatively few terms survive in (3). As 
a rule we shall do this by supposing that interactions between all other 
pairs of atoms are negligibly small. In at least one of our calculations, 
however, we consider interactions between next-to-nearest neighbours 
also. 

Some explanation is needed regarding the inclusion of the overlap 
integrals S,,. It is true, as Chirgwin and Coulson ® have recently shown, 
that there are many cases in which charge distributions and interatomic 
distances are entirely unajBfected by its inclusion. But the energies are 
always slightly changed and, particularly in the upper half of the con¬ 
duction band, as Coulson and Rushbrooke< showed for graphitic layers, 
the shape of the band is strongly dependent on the value of this overlap 
integral. 

Now if all the atoms are entirely equivalent, we may put 
= a for all n 

Z neighbouring pairs rs. . . (4) 

But it soon follows that for simple cubic crystals, this precludes the 
possibility of surface states. We shall therefore accept (4) for internal 
atoms, and be prepared to characterize the surface atoms by a different 
value of oc,, and different values of and 5 ,,. The details of these new 
values vary from model to model, and axe described for each case as it 
occurs. 

The questions that we ask are : For what values of the parameters 
a, jS, 5 are there solutions of the secular equations that may be interpreted 
as surface states ? And do the energies of these states lie inside or out¬ 
side the band of continuous distribution of energy ? 

But there are other related questions. Although the existence of 
surface states is undoubtedly an aid to catalytic action, it is by no means 
inconceivable that, even if such states do not exist at first, they are never¬ 
theless brought into existence by the approach of some other group, 
particularly polar groups, toward the metal surface. There is a close 
parallel here to some work by Coulson and Longuet-Higgins,^ who studied 
the perturbations induced in large aromatic molecules by the approach 
of some charged ion. In our present case, we could approximately de¬ 
scribe such activity by a change in the a,, of one surface atom. And we 
ask the question; if one surface atom is changed in this way, will there 
be a surface state induced in the metal, which was not there before ? 
A supplementary question, to which we can give only an incomplete 
answer, is : in such a case, how will two such surface states, associated 
with two distinct surface atoms, behave towards each other ? Questions 
of this sort are clearly very important in discussing the variation of cata¬ 
lytic activity with fraction of surface occupied. 

Results.—^We must now define a surface state more precisely. 
If, in one of the single-electron wave functions (i), o as the distance 
of atom r from atom m increases, and if this occurs at a rate independent 
of the total number N of atoms in the crystal {N being assumed large), 
then 0 is said to be a point state associated with atom m. This implies 
that an electron in the orbital 0 is effectively restricted to a region close 
to atom m. The extent of this restriction depends on the rapidity of 
the convergence of the sequence (c,.) to zero. This convergence is not 
necessarily monotonic, and there may be local increases as well as de¬ 
creases near to atom m. 

We shall also encounter orbitals for which is relatively high in the 
regions of atoms m, n, p, . . tending to zero away from these atoms. 

* Chirgwin and Coulson, Proc. Roy, Soc. A, 1950 (in press). 

® Coulson and Rushbrooke, Proc. Roy. Soc. Edin., A, 1948, 62, 350. 
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Such stateo will be termed multiple point states associated with atoms 
n, p, , , . . The definitions of line states and surface states can obviously 
be formulated in precisely analogous ways. 

We shall first consider three simplifi('d types of crystal: the one- 
dimensional linear chain, the two-dimensional square lattict% and flic 
simple cubic lattice. For th(‘se models we shall outline some of the con¬ 
ditions under which these s])ecial states may occur. Throughout the 
following summary, the assumptions (4) are n\ade for all the atoms except 
for those specifically mentioned. 

(I) Linear Chain. —Let there be N atoms in a chain numbered 
consecutively from i to N , and let 

“1 = = a' the end atoms, 

Aa == = vP end bonds, 

whore jS is the resonance integral foi all other adjacent pairs and 7 ; is a 
multiplier which may be cither greater than or loss than unity. In most 
cavses 7? will be greater than i. We have thought it proper to allow for 
the end resonance integrals having a dificrent value from the internal 
ones, partly because detailed calculations for the linear case of polyene 
hydrocarbon chains ’ shows that the end links arc appreciably shorter 
than the others, and also because in some unpublished work we have 
shown that variations may also be anticipated near the surface, and also 
in the surface, of three-dimensional aggregates. 

In this model we include possible next-ncarcst-neighbour interaction 
by wTiting 

Pu = Pss • • • — jf-i = 

where <0 will usually be quite small. For the end interactions of this 
type we write 

A3 = N — "’* 7 A 

Following the suggestion of Mulliken for molecules, and developed 
by Chirgwin and Coulson * and by de Hcer,® we suppose that all overlap 
integrals are proportional to the corresponding A.. 

It is convenient to define 

y = ^ - aS, A = (a — a')/y, . . • (5) 

and to put 

<7 = A/(i + AS), I - 77V(t + AS). . . (6) 

These substitutions enable us to express the conditiirti for point stales 

quite simply in terms of c, fx, and w. If a — o, the end atoms have fhe 

same Coulomb term as the internal atoms; if in addition = o, then 
77 = i, so that jSi2 = j3,3» 

(i) or ^ =5 o. There arc no point states, whatever the value of w. 

(ii) <0 I. If <»)* is neglected we find that the condition for point 

stales depends only on a and ft, and not at all on w (second- 
neighbour interaction). 

There is a point state whose eneigy is below the continuous band 
if a ft < — I and one with energy above the band if a — ft > i. 

If ff ts o the conditions become ^ > \/2. 

If 17 = I the conditions become c < — 1/(1 4. S), 

or c > 1/(1 — S), 

and the states correspond to those found by Goodwin. 

Both these states are doubly degenerate. They are double point 
states associated with the end atoms. 

’ Coulson, Proc. Boy. Soc, A, 1939, 169, 413. 

® de Heer, Phil. Mag., 1950 (in press). 
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(iii) = ocWe now consider the possibility of point states 
occurring when nothing but the Coulomb term of the wth atom 
is changed. This atom may perfectly well be an internal or 
boundary atom. In this case the overlap integral 5 is ignored. 
The condition for a point state associated with atom m is 
I A| > i/m. Thus in the interior of the chain, any deviation 
of oL^ from a gives rise to a point state. 

(II) Square Lattice. —(i) In a square lattice the next-to-nearest 
neighbours are separated by a distance times the lattice constant. 
If we take into account the corresponding resonance integral wjS (without 
changing any of the other parameters), we find that no point or line 
state emerges for any value of o). 

(ii) We now consider the effect of altering the Coulomb term of only 
one atom (w), on the boundary of the rectangular array, from a to a'. 
In this case we shall neglect the overlap integral S altogether and write 
A = (a — a')/j8 instead of (5). 

We assume that atom m is not near the comer of the rectangle, and 
we find that if | A| > 2*8 (approx.) there is a state whose energy lies 
outside the continuous band. This state is a point state associated with 
atom m. 

(iii) Suppose now that two atoms, m and n, separated by p atomic 
distances along one of the edges, have an altered Coulomb term a'. If 
p is large, the condition for the existence of double point-states associ¬ 
ated with these atoms is | A I > 2-8. As p is reduced, the limiting value 
of 1 AI steadily decreases. For example, when /> = 2, so that the altered 
atoms are separated by only one intervening atom, the condition is 
I AI > 2*3 ; and when ^ = i, so that they are neighbours, it is | AI > 2. 
Since | A j measures the difference in electronegativity of the affected 
atoms, we infer that induction of surface states is made easier by the 
presence of a perturbation already existing on the surface; and that 
such surface (point) states will tend to be associated together in groups 
rather than distributed at random over the whole surface. It is possible 
that we have here a little insight into the nature of the active centres so 
frequently postulated for catalytic activity. 

(III) Simple Cubic Lattice. —(i) Let us denote any atom in the 
crystal by ir, 5, /), where 

i<r<JL, 1 < s < M, 

Evidently there are LMN atoms in the crystal. We shall consider the 
effect of a change in the parameters for all the atoms on the two opposite 
faces ^ = i, r = L of the crystal. For these surface atoms 

aist = OLXM = a' (for all 5, t). 

Also we suppose that the resonance integrals between all neighbouring 
atoms in these two planes have the value Kj 5 , and that the resonance 
inte^als such as zsi between one atom in the surface and the adjacent 
one inside the crystal, have the value lyjS. All other non-vanishing reson¬ 
ance integrals are equal to jS, and we suppose that in every case the 
overlap integral is proportional to the corresponding resonance integral. 

We define A, or, /x, as in the case of the linear chain (eqn. (5), (6)), and 
we also introduce v and p defined by 

i — V = #07/(1 -j- A 5 ) 

p = a -f 2v (cos ^ -|- cos ^), 

where 

^ = k-nliM -I- l) k = 1, 2, , . . M 
0 = l^/(N -f i) / = 1, 2, . . . N. 

The conditions for surface states will now depend on p, and p. 
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There is a band of surface states of low energy if p + /x < — i, and 
one of high energy if p — > i. These bands consist of levels depending 

on (JL and p, and since p may take MN different values for fixed a and v 
the conditions may be fulfilled for part of one band but not for all of it. 
Each level is doubly degenerate and all the states are double surface stalt*s 
aswsociated with the faces r — i, r L. There is one such orbital for 
each of the modifi(‘d surface atoms. These bands of surface states may 
overlap the continuous band of energy levels. 

(ii) If only one atom (m) on the surface has a diiienuit ('oulomb tonn 
otf and if we neglect overlap, we find the condition for an energy level out¬ 
side the continuous band is | A| > 4*5 (approx.). This state is a point 
state associated with atom ?«. 

IV. Other Crystal Structures. —Our previous examples have all 
been associated with the simple cubic structure, in which the unit cell 
only contains one atom. But as soon as wo go to more complicated 
structures in which two or more atoms comprise the unit cell, the situation 
is quite different. For now surface states may appear even without any 
perturbation of the edge atoms. This is because not all surlaco atoms are 
equivalent geometrically (as they were in the earlier cubic crystal), and 
the differences in environment produce the same effect as a change in 
a in the simpler model. 

An example will illustrate this ejffect. Fig. i shows a part of a single 



Fig. I, 


layer of graphitic carbon, in which the atoms are arranged in regular 
hexagonal form. The electronic wave functions for such a layer have 
been discussed fully by Bradbum, Coulson and Rushbrooke,® who ob¬ 
tained the energies in terms of the numbers n and m which determine 
the size of the layer. These energies are obtained from the secular 
determinant, which may be factorized, corresponding to nodes of the 
wave function parallel to the m and n directions. A combination of 
eqn. (9) and (12) in their paper, together with some rather tedious anal3rf is 
which we shall not reproduce, shows that in a large layer such as Fig. 1 
there are 2«/3 surface states. Application of the argument developed 
by Coulson shows that in a layer of this kind all the energies are in the 
range JBo ± SA which is known to be the range covered by the continuum 
of two-dimensional orbitals. Thus none of the surface states lie outside 
the continuum. In Fig. i the surface states are associated with the atoms 
on the extreme left- and right-hand edges, and not those on the top or 

® Bradbum, Coulson and Rushbrooke, Proc. Roy, Soc. Edin. A, 1948, 62, 336. 

Coulson, Proc, Comb. Phil, Soc„ 1950, 46, 202. 
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bottom. This is linked with the fact that in a graphitic layer the unit 
cell contains two atoms. Those atoms on the loft are all crystallo- 
graphically equivalent, and so are those on the right, but those at the 
top and bottom are not. 

It may bo presumed that similar surface states will appear in other 
such lattices. We are making further calculations to investigate Ibis 
in more detail. One conclusion, however, is quite clear from the graphite 
example : surface states are quite liable to occur even without any 
changes in Coulomb terms or resonance integrals, but simply on account 
of the geometrical structure of the boundary. 

General Molecular Considerations.—It is perhaps worth stressing 
that certain quite general results may be obtained by treating a crystal 
as a large molecule and using the general theory developed by Coulson 
and Longuet-Higgins.i For example : 

(i) The existence of surface states does not necessarily imply an uneven 
distribution of charge. Thus, in the graphite example in (IV) we are 
dealing with an “ alternant molecule and there will therefore be a 
precisely equal number of electrons associated with each atom. The 
excess of charge near the edges due to the surface states is compensated 
by a corresponding excess in the body of the crystal due to the other 
electrons. 

(u) In the same way, as Chirgwin and Coulson have showm,® if there 
are no changes in Coulomb terms, but only in resonance integrals, the 
net charge is uniform. 

(iii) But if the Coulomb term of one atom is changed in the direction 
of increasing its electronegativity, it will carry a final net negative charge, 
and as w^e proceed away from this atom, other atoms will have an alter¬ 
nating positive and negative charge. In the case of a surface layer with 
increased a-values, the alternation of charge occurs as between one layer 
and its neighbouis. 

There are still one or two further molecular considerations that we 
may “ carry over ” to crystal lattices. Thus : 

(iv) There is considerable uncertainty regarding the validity of using 
the same Hamiltonian operator H for each electron. These operators 
are not strictly self-consistent, and as Chirgwin and Coulson have shown 
in some unpublished work, we ought really to use a different operator for 
each electron. The resulting errors are not likely to be so serious in 
crystals as in molecules. 

(v) A more serious difficulty arises from the fact that the so-called 
“ lowest configuration ” is not, by itself, a sufficiently good wave function. 
As Miss Jacobs has shown for naphthalene, there is often considerable 
configurational interaction, which results in a slight unevenness of charge, 
more particularly at the edges of the molecule, i.c. at the surface of the 
crystal. We are investigating this matter more carefully at the moment, 
in this Department using a simplified model. 

Conclusion.—^To some extent all the models that we have discussed 
above are largely formal. And consequently our conclusions are not 
immediately applicable to any real problem. But we believe that they 
do illustrate tendencies and situations likely to be found in actual surfaces, 
and may serve to point the way'' to further specific calculation. 

Wheatstone Physics Laboratory, 

Khtg's College, 

London, 

Jacobs, Proc, Physic, Soc, A, 1949,62, 710. 
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A CALCULATION OF HEATS OF CHEMISORPTION 


By D. D. Eley 
Received '^vd April, 1950 

Heats of chemisorption are calculated by Pauling’s equation for covalent 
bonds. Quite good agreement is secured for hydrogen on tungsten, copper 
and nickel. Calculations for oxygen on tungsten and ethylene on nickel enable 
us to lule out certain mechanisms of chemisorption. 


There are a number of good reasons for believing that in many cases 
the chemisorptive bond is of a covalent type.^» ^ It is a matter of some 
interest that this hypothesis allows a calculation of heats of chemisorption. 
Consider, for example, the chemisorption of hydrogen on tungsten. We 
write this as 

2W + Ha 2W—H. 

The differential heat of chemisorption per mole of hydrogen, Qq, is to 
be calculated, when the fraction of surface covered 6 ->o and we may 
neglect effects due to neighbour interactions in the monolayer. The 
result may be obtained in terms of bond energies E, 

Qo = 2E(W—. . . (I) 

Considerable success has attended the recent application of electron- 
pair theory to metals.® Therefore I shall assume that the energy of the 
surface W—bond may be calculated from Pauling’s equation,^ 

E(W-^H) = 1 {E(W^W) + + 23-06 (Xy, - %)®. (2) 

To evaluate eqn, (2) we first need to obtain E[W —^W). We shall assume 
that each metal atom has 12 nearest neighbours. This result is true for 
face-centred cubic lattices, but not strictly for body-centred cubic lattices, 
where there are 8 nearest and 6 next nearest neighbours. In the latter 
case, however, no great error is involved in treating the lattice as one with 
12 nearest neighbours. Since two atoms arc involved in each bond wo 
can write 

£(W-W) = ^ s. 

where S is the sublimation energy of the metal, listed in Landolt-Bomstein.® 
The term involving the difference in electronegativities % — is 
estimated by Pauling’s approximate rule * that it is equal to the dipole 
moment of the bond in debyes, If the measured contact potenti^ of 
a complete monolayer is V volts, then we may write 

ft = F/ 29 r 300 C„ 

where C, is the number of sites per cm. of surface, taken here as the mean 
of the (no) and (100) surfaces, i.e. 1-2 x 10“ for W and 1-38 x lo^® 
for Ni. This value of ft for an atom in a full layer can only be equated 
to fto for a dilute layer if we assume depolarization effects to be small. 

1 Couper and Eley, this Discussion. 

*Eley, Amer, Chem. Soc, Symposium, June, 1950 (to be published in /. 
Physic. Chem.). * Pauling, Proc, Roy. Soc. A, 1949, 196, 343. 

* Pauling, The Nature of the Chemical Bond ((New York, 1939). 

® Landolt-Bomstein, Tabellen, Erg, IIIc, 2709, 
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The calculations have been made for systems where modem experi¬ 
mental data are available, and the results presented in the Table. The 
bond energy values used are due to Pitzer.® For nitrogen and carbon 
bonds, two values are possible, high ” and low ” values, depending 
on the values chosen for the heats of atomization of carbon and nitrogen. 
The situation is well presented by Coates and Sutton.’ Pitzer's values 
are high values, and for the —•N=N— bond, we have also taken the 
high value given by Coates and Sutton.’ The low values give the results 
which are very little difierent from those listed. 

In applying the equation to multiple bonds, we are making a definite 
assumption, since the equation was deduced for single bonds. In par¬ 
ticular, it is not at all clear that the equation will give a correct estimate 
of the ionic term. Also, depolarization effects are probably more important 
for dipoles such as W = o, 176 V contact potential, compared with W—H 
which has the smaller value of i'04 V. 


System 

V, Volts 

/i,D 

E{U - M) 
kcal. 

£(A A) 
kcal 


JS(M - A) 
kcal. 

^calc. 

kcal. 

[ 

^expt. 

kcal. 

Experi¬ 

mental 

Specimen 

2W+H^ 

->2W~H 

-104® 

—0-46 

33-8 

103*2 

4*9 

?3*4 

43*6 

45“ 

45“ 

46 » 

Wue 

Film 

Powder 

2Ni+Hj 
-mNi—H 

-0-34» 

-0*13 

i6*4 

I 03 *a 

0-39 

6o*a 

17*2 

31“ 
(211*) 

Film 

Powder 

aCu+Hj 

? 

? 

13*6 

103*3 

? 

58*4 

13*6 

9“ 

Powder 

2W-O 

-«!W=0 

-176W 

-o*y8 

8X33*8 

117*2 

14 

106*4 

95*6 

139“ 

150 w 

147 “ 

Wire 

aW+N* 

-+aW3f 

-1.38 “ 

—o*6i 

3x33*8 

225*1 

8*5 

171*8 

ii8*5 

28“ 

(75”) 

Wire 

Powder 

aNi+CjH* 

-►HaC-CH, 

/ \ 
Ni Ni 

+o*83* 

+o*3a 

i6’4 

8o(o-) 

65(«) 

2*4 

50*6 

36.2 

58 « 

Film 


Discussion 

The agreement between calculation and experiment is good for W—H 
and Cu—H. For Ni—H, the calculated result is lower than the value 
of 31 kcal., which since it was obtained with an evaporated film is more 
likely to correspond to the true value for a clean surface than the value 
of 21 kcal. for a powder. The differences in electronegativities are what 
one might expect from Pauling's thermochemical values for similar bonds. 

* Pitzer, J. Amer. Chem. Soc„ 1948, 70, 2140. 

’ Coates and Sutton, /. Chem. Soc., 1948,1187. 

® Bosworth, Proc. Camb. Phil. Soc., 1937, 33, 394. 

® Mignolet, this Discussion. 

“ Bosworih and Rideal, Physica, 1937, 4, 925. 

Roberts, Proo. Roy. Soc. A, 1935,152, 445. 

Beeck, Rev. Mod. Physics, 1945,17,6r. 

Frankenburg, J. Amey, Chem. Soc., 1944, 1827. 

Eucken and Hunsmann, Z. physih. Chem. B, 1939, 44,163. 

Ward, Proc. Roy. Soc. A, 1931, 133, 506. 

1® Johnson and Vick, ibtd., 1935, 

w Davies, Jr., J. Amer. Chem. Soc., 1946, 68, 1395. 
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Thus for the nearest example, Al, % = 1*5 and for H, Xj^ = 2*1, so that 
% W—O and 2W=C2H4, the calculated values are 

markedly lower than the observed values. However, the calculations re¬ 
produce the general features of the observed results quite well, and the 
discrepaticies may be associated with changes in hybridization and loss of 
resonance energy on adsorption at the surface. The experimental values 
for ethylene may bo too high because of a certain amount of self-hydro¬ 
genation.^ “ The calculated oxygen value may be low because wo have 
under-estimated the ionic term. Thus Pauling's table * would give 
= — 2-0 and one should not expect tungsten-oxygen to be very 

diflerent. 

The nitrogen value is much higher than the preferred experimental 
value of 28 kcal. The relatively low stability of nitrogen films as com¬ 
pared with ethylene films has been qualitatively demonstrated by other 
methods,^® adding weight to the low values for Qcxpt. This discrepancy 
may be connected with the relatively large ratio jE(N=N)/ii(N — N) 
compared with £(CsC)/jE(C —C).* Another possibility for chemisorptum 
is 

N==N 

2W + N,->-W 

but the calculated value is ficaic. = -- 38 kcal. -which rules this out. 

Beeck has suggested that the chemisorbed film of ethylene consists 
mainly of acetylenic complexes. We have calculated three possible 
processes of formation, the third one being that favoured by Beeck. 


CH=CH 

4Ni-{-C2H4 1 ^ 'nI- f 2NiH Scale. = 35*2 kcal. . 
CH=CH 

/ \ 

zNi -i- CaH4 M Ni-j-JHg Scale. = 8*0 kcal. 

CH==CH 

2Ni-l-2CaHi->I^i "F ^2!^# Scale. == kcal.-j* 


• (I) 

• (^) 

. ( 3 ) 


The first process is a possible one energetically, although obviously 
not as likely as the associative adsorption calculated in the Table. How¬ 
ever, it is ruled out by the observation that hydrogen deuteride formation 
is inhibited by ethylene, so that there is no chemisorbed hydrogen in the 
film.^* The second process is clearly unlikely but the third process is 
a possible one. Finally, there is -the process of dissociative chemisorption 
suggested by Farkas,®® 

Ni + CaH* Ni-CH==CH 2 + fioaio. « 4* 

which gives too small a heat. The associative process given in the Table 
yields the best value of Qcaic.. 

All the calculations for ethylene and nitrogen have been repeated 
using low -values of the carbon and nitrogen bond energies concerned 
-with very little difiEerence in the calculated heat values. This is because 
the changes effect both the bonds disrupted and the bonds formed to metal 
in the same way. 


“ Eley and Rideal, Proc, Roy, Soc, A, 1941, 178, 429. 

* It has been possible subsequently to solve this problem, cf. the folio-wing 
discussion. 

t I.e. i8'i kcal. mole of ethylene, 

T-wigg and Rideal, Proc, Roy, Soc. A., 1939, 171, 55. 

*0 Farkas, Traris. Faraday Soc., 1939, 35, 906. 
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In one of his later papers, Roberts indicated a new view that possibly 
the oxygen film on tungsten is not atomic. The only si mple alternative 
to the process in the Table is 

0—0 

2 W + 0a-W Scale. = 13 * 

Clearly this mechanism is ruled out because of its low heat value. 

It is hoped to improve this approach to chemisorption in future by 
a theoretical consideration of the type of bond involved, but even at its 
present stage, the method offers an approach to the heat of adsorption, 
which, while it is of great importance in chemical kinetics, is difficult to 
determine experimentally. The calculations support strongly the notion 
that the chemisorption bond is an electron pair bond, rather than a 
completely ionic bond. 

I should like gratefully to acknowledge that the two values for nickel 
contact potentials are taken from the paper by J. Mignolet (Li^ge),®** and 
communicated personally to me beforehand. 

Addendum. —It is possible to extend the calculations in my paper to 
all the new data reported by Beeck in his paper on Hydrogenation 
Catalysts. The Table compares calculated values (kcal./mole gas) with the 
values observed by Beeck. 


Gas 

Metal 

Rh 

Ni 

Fe 

Ta 

w 

Cr 


C obs. 

28 

31 

32 

39 

45 

45 

"a 

1 calc. 

23 

17 

17 

32 

44 

15*7 

r K. 

fobs. 

50 

58 

68 

138 

102 

102 


\calc. 

42 

36 

36 

51 

64 

34*7 

%d 


50 

40 

39*7 

39 

43 

39 


The calculated values for CgH* are for associative chemisorption, i.e. 
M—CHa—CHa—M. The heats of sublimation of Ta and Rh are not 
available, but I have found a good linear relation exists between sub¬ 
limation energy and melting point for the related metals, from which I 
have interpolated the values for Ta, 5 = 184 kcal., and Rh, 5 = 130 kcal. 
I have assumed the surface dipoles for H adsorption are the same for 
Rh, Fe and Ta as for Ni, and for C3H4 adsorption the same for Fe, Ta, W, 
Rh as for Ni. It seems likely that there will not be any large variations 
in the ionic term, for one gas mth the range of metals, i.e. we should not 
expect very large variations in surface dipoles. Nevertheless, I would 
point out that this calculation strictly requires data on contact potentials 
at low surface coverings of gas, which are not available at present. 

The fundamental significance of the success of the calculation is this, 
that the surface M—H bond is closely similar to the M—bond in the 
solid, i.e. it may be treated as a covalent bond, but of the metallic type, 
resonating below the surface of the metal with all the nearest neighbour 
metal atoms. It assumes that the hybrid orbitals are the same as in 
the bulk metal, essentially metal orbitals. This, of course, can only 
be an approximation and for the last two years, Mr, Crowne in my labor¬ 
atory has been building up the technique to test this hypothesis, by 
measuring the change, if any, in the surface paramagnetism of tungsten 
when hydrogen (and other gases) chemisorb. We know that when dimethyl 

Roberts, Some Problems on Adsorption (Cambridge University Press, 
1939), PP. 88, 113. 

* I.e. ignoring the possibility of a rr bond. ** This Discussion. 
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sulphide is adsorbed on palladium, atomic d orbitals are pressed into 
service to form surface bonds, but in this case we have a co-ordinate link 
formed to the metal, rather than the simpler bond wc are here considering. 

Calculations on the nitrogen data of Bccck, Colo and Wheeler enable 
us to give some quantitative support to views advanced by these authors, 
and originally by Taylor as to the nature of these films. I give the 
arithmetic so that the method of calculation is clear. The value for Ng 
on Ta observed is Qo = I35 Leal. Just as for tungsten wc calculate 

Na + 2Ta 2Ta = N Qcaic. == 109 kcal. 

Now we calculate 

H. + 2T. = N ^ »Ta _ N - H {8““; J 

The steps are 

E(Ta s N) ==. J(3 X 307 + 225*1) + 8*5 = 167*1 

E(Ta = N) = J(2 X 30*7 + 100*3) + 8*5 = 135*2 

.*. Ta = N Ta = N— Q = —31*9 kcal. 

The N—bond is 92*2, the H—103*2. 

Gcaip, = 2(92*2 - 31*9) - 103*2 = 17*4 kcal. 

The agreement here is such as to convince us that our models are 
probably right. The observed heats of Na on Fe (10 kcal.) and on W 
(28 kcal.) must be low because the chemisorption largely gives some species 
such as M=N—N=M, (for W=N—^N—M, Qodic, =— 3*i) and the pro¬ 
duction of the atomic nitrogen films may well be inhibited by an activ¬ 
ation energy as suggested by Taylor and Beeck, 

Finally may I refer to one way in which aromatic resonance energy 
may lower heats of chemisorption. For benzene 

{ ^ +2M -> 



To a first approximation 

Qcaic, = 0Cftlc,(CaH4) -f* Ej — 

where i?* — Rg is the difference in resonance energies between butadiene 
and benzene, i.e., —39 kcal. Thus Qcaic, = 36 — 39 ™ — 3 kcal. and 
benzene should be weakly chemisorbed, compared to ethylene, in line 
with the difiEerent kinetic behaviour in exchange and hydrogenation 
reactions.** 

Note added in proof. —Beeckin. 4 it;a«cw in Catalysis^ Vol II {New York, 1950), 
p. 183, ^ves for nitrogen on evaporated tungsten films Oo(^xpi^*)=95 kcal./mole. 
This is in good agreement with the calculated value for atomic nitrogen films, 
and is probably to be preferred to the value based on rates of desorption. 

The University, 

Bristol. 


** Joris and Taylor, /. Chmi. Physics, 1939, 7, 893. 
** Eley, Quart. Rev., 1949,3, 221. 



THE ACTIVATED COMPLEX IN CHEMISORPTION 
AND CATALYSIS 

By Henry Eyring, Charles B. Colburn and Bruno J. Zwolinski 
Received 6 ih February, 1950 

The basic assumptions underlying the theory of absolute reaction rates 
have been analyzed in terms of recent studies. A general treatment of chemi¬ 
sorption and catalysis is given in terms of the activated complex theory of 
chemical kmetics. A mechanism is proposed for the hydrogenation of ethylene 
which appears to be in agreement with the available data. 


Through the efforts of investigators such as Ridcal, Taylor, Schwab, 
Langmuir, Hinshelwood and others, the broad outlines of the field of 
catalysis have been defined and the importance of parameters like extent 
of surface, nature and condition of surface, coverage, active sites, geometry 
put in their proper perspectives. However, one is still not in the desir¬ 
able position whereby for any one case one may predict and calculate 
the extent of a surface reaction from first principles. In this regard it 
may be worth while to re-examine the assumptions underlying the theory 
of absolute rates of reaction and show its applicability in the interpreta¬ 
tion of heterogeneous reactions. 

In formulating the rate of any chemical reaction, consider reaction 
complexes passing from one legion of configuration space to another. 
Along any one reaction path there will always be a region of phase space 
corresponding to a maximum free energy separating the initial and final 
states. The number of reaction complexes passmg through this region 
is given by 

— dC/df = * . . * (t) 

n,i 

where C = total number of complexes in initial state at any time f, 

= probability that the reaction complex crosses the barrier in any 
one attempt, 

V = frequency with which the complexes cross the energy barrier. 


The subscripts n and i refer to the quantum numbers associated 
respectively with the degree of freedom along the reaction co-ordinate 
and with the remaining internal degrees of freedom of the reaction com¬ 
plex. The above equation applies exactly to any rate process under 
any set of conditions. Assuming a normal distribution of energy among 
the internal degrees of freedom of the complex or the equivalent idea 
of an equilibrium existing between the reactants and the activated state 
at the top of an energy barrier, the well-known expression obtained for 
the specific rate constant for a reaction of any order is; 


k' 


^kT 

hn^F, 


(2) 


Here, SfS is the average transmission coefficient, F* the partition function 
of the activated complex. Ft the partition functions for the reactants 
and €0 the activation energy of the reaction at the absolute zero of tem¬ 
perature. Although the strict validity of the equation rests on the 
establishment of an equilibrium, the interpretation of many varied rate 
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phenomena in terms of the above relation lends support to its applicability 
to mc^st irreversible processes. The concept for which one could wish 
more detinite proof before proceeding to a study of the mechanics of 
heterogeneous processes is the equilibrium postulate. 

For adiabatic reactions involving a rearrangement of matter as em¬ 
bodied in the idea of a reaction complex surmounting an energy barrier, 
it appears to be suflicient to ascribt^ 36 , the transmission coofliciont, a 
value of unity. Hirschfelder ® and Wigner ^ have considered more 
closely the shape of the potential energy surfaces in the region of the 
activated state to find that only in rather exceptional cases can one 
expect the 36 to deviate from unity. Porn and Weisskopf® formulated 
a mechanism of surface reactions based on the idea of tunnelling through 
the potential barrier which would be reflected in values of 36 less than unity. 
At the present time there is little evidence to indicate that this may be 
an important step in catalysis. 

The Equilibrium Postulate.—Consider a unimolecular decomposi¬ 
tion of a molecule on a surface. For a surface to be effective, it is im¬ 
perative that a much closer and more specific interaction takes place 
between the molecule and the surface atoms than can be ascribed to 
dispersion forces. Regarding this intermediate as the reaction complex 
assume that reaction consists in the complex passing as a result of molec¬ 
ular collisions or vibrations into a set of levels corresponding to the 
activated state or the final state of the products. The following set of 
linear equations with constant coef&cients is obtained : 


^ 2 (*',A - VuQ . . . . (3) 

for the n possible energy levels of the system. The v,/s are the specific 
rates of transition from the level i to the level j, which, in principle at 
least, can be calculated. Solution of the above set of linear differential 
equations can be carried out readily and takes the following form 






. ( 4 ) 


where are the arbitrary constants in the general solution determined 
by the initial values of the C/s ; R,*, and 6 ^ are functions of the transition 
constants which arise from solution of the secular or characteristic 
determinant. Each C, is now a completely detcmiinod function of time 
and an overall rate of reaction can be calculated under any set of equi¬ 
librium conditions. 

To compare the actual rate with the equilibrium rate as determined 
by a Maxwell-Boltzmann distribution of reacting complexes, a function 
r is defined whose deviation from unity with the extent of reaction pro¬ 
vides a measure of the validity of the equilibrium postulate in chemical 
rate theory. The actual rate for the forward reaction is given by 

= 2 2 ! = n * * * (5) 


where k and I refer to the levels of the initial and final states, respectively. 
Assuming a Maxwell-Boltzmann distribution function, the equilibrium 
rate for the forward process is then given by the following: 

St \ 2 + . . ol- • (6) 

i-i 


I and Wigner, /, Chem, Physics, 1939, 7, 616. 

* Hulburt and Hirschfelder, ibid., 1943, 11, 276. 

» Bom and Weisskopf, Physik. Chetn,, 1931, 12, 206. 
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where Co is the total concentration of complexes in the levels of the initial 
state at any time t. Hence, the ratio of the actual rate to the equilibrium 
rate is 

k i 


2 2 

irii i 




Calculations of this nature * have been carried out for an extremely 
simple model of reacting system (with n equals 4) based on chosen values 
of proper magnitudes for the transition constants. The results are shown 
graphically in Fig. i. Though the calculations were made on an over- 



Fig. I. 


simplified model under rather extreme conditions of non-equilibrium, 
only an error of 20 % occurs in the specific rate constant as determined 
by the theory of absolute rates of reaction for i % of the material reacted. 
Essentially similar results were obtained by Kramer ® who employed 
classical diffusion theory. Hulburt and Hirschfelder ® in a recent study 
regarded the reaction complexes in configuration space as a compressible 
fluid and employed hydrodynamic theor}^ to show qualitatively the 
correctness of the equilibrium postulate. In view of the above studies, 
a complete rate theory is available which, except for minor refinements, 
can be applied with confidence to all rate processes. 

General Treatment of Chemisorption and Catalysis.—^The application 
of the activated complex or transition state theory to surface reactions 
was carried out by Kimball,’ Temkin, ® Eyringand more recently 
by Laidler.^^' A slightly more generalized approach ^vill be developed 
in the following paragraphs. 

* Zwolinski and Eyring, J. Amer. Chem. Soc., 1947, 2702. 

® Kramer, Physica, 1940, 7, 284. 

* Hulburt and Hirschfelder, 1949, 17, 964, 

’ Kimball, ibid., 1938, 6, 447. 

® Tempkin, Acta Physicochim., 1938, 8, 141. 

® Eyring, J. Chem. Physics, 1935, 3, 107. 

Glasstone, Laidler and Eyring, The Theory of Rate Processes (McGraw-Hill 
Book Co.. Inc,, New York, 1941). 

Laidler, Glasstone and Eyring, J. Chem. Physics, 1940, 8, 659, 667, 

” Laidler, J. Physic. Chem., 1948, 53, 712. 

^ Schuler and Laidler, J. Chem. Physics, 1949, 17, 1212. 

B* 
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The following assumptions are made : 

(1) In every surface process, the activated complex consists of the 
reactants and the catalyst. In certain s^xicilic cases, where—except for 
the catalyst atoms—^the activated state contains the same number and 
kind of atoms of the reactants as the homogeneous reaction, the differ¬ 
ence in energies of activation l)etw<‘en the homogeneous and heterogeneous 
reactions is ascribed to the heat of adsorption of the homogeneous activ¬ 
ated complex to the surface* of the catalyst. 

(2) 'Che surface reaction is considered as a homogeneous reaction 
betweem the gaseous reactants and the aloms, molecules or ions of the 
catalyst. In this analysis, we are neglecting volume phenomena, such as 
solution of reactants, and the effect of reverse reactions. 

Consider a reacting system consisting of two different gaseous species 
and a catalyst. The following mechanism can be written based on a 
model of the two different gaseous reactants interacting with the surface. 
The kind and number of atoms in the activated complex will determine 
the kinetics of the overall process, so as to agree with experimental data. 
Thus one obtains 

nCi 4- 4- Sj, ^ Q+i + + •S'*, 

where the C„ Q = gaseous concentration of reactants, 

Ci+i, = gaseous concentrations of products, ^ . (8) 

Sfc surface site. J 

The subscripts n and m in the activated complex are used to denote any 
fragmentation or dissociation of the original reactants. 

As is well known, the rate-determining step in catalysis can be one ol 
a number of different processes, e.g. diffusion to the surface, diffusion on 
the surface (excluding solubility in catalyst), adsorption of reactants, 
surface dissociation, combination of radicals on the surface and desorption 
of products. Assuming no alteration in surface characteristics with re¬ 
action, it is possible to write, in the most general form, for the initial velocity 
of reaction, the following equation without assuming any one specific 
activated complex for the mechanism : 


y .... (9) 

Expressing the concentration of activated complex in terms of the react¬ 
ants, one has the result 

v^sec'tcTS, . . . (lo) 

[v) It) 

V ^ .... (n) 

By proper choice of an activated complex, i.e. specifying the values of 
n and m the rate equation for any kind of a surface process is obtained. 
If it is assumed that all the products and reactants establish equilibrium 
concentrations on the surface, the effect of pressure and poisons can readily 
be accounted for by modification of the above equation with the ap¬ 
propriate adsorption isotherms. 

Mechanism of Ethylene Hydrogenation.—^To illustrate more fully 
the application of the above theory the procedure appropriate to the 
determination of the mechanism of the hydrogenation of ethylene 
may here be outlined. This reaction was chosen because a successful 
mechanism for the catalytic hydrogenation has not been proposed, even 
though the reaction has been studied extensively by a number of workers. 
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(Beeck and co-workers investigated this reaction on numerous 

catalysts such as chromium, iron, cobalt, nickel, rhodium, palladium, 
platinum, tantalum and tungsten; Twigg on nickel; Taylor and co¬ 
workers on various oxides ; A. Farkas,®®* L. Farkas ®®» and 
Rideal 2® on nickel; Toyama on nickel at temperature of o® C and 
in the temperature range 99-165®; Pease on copper; Wheeler and 
Pease have studied the relative rates of hydrogenation by deuterium 
and hydrogen on copper. Many other workers have also contributed 
much to the uuderstanding of the mechanism of hydrogenation. Roberts' 
work on the nature of adsorbed layers is fundamental to the knowledge 
of all surface processes.) 

From these studies the following facts will have to be explained by 
or be in agreement with any proposed mechanism : 

(1) Ha and C2H4 are rapidly adsorbed by metallic surfaces even at 
liquid air temperatures, however, in the case of the hydrogen about 
20 % of the Hj can be removed by pumping at room temperature. 

(2) AHada for Ha varies from 30 to 18 kcal. per mole on Ni; AHads 
for CaH* varies from 60 to 23 kcal. per mole on Ni. The larger value is 
the heat of adsoiption on a clean metal surface and the smaller value is 
the heat of adsorption on a nearly complete monolayer. 

(3) The activation energy of the hydrogenation is 10*7 kcal. on Ni, 
Rh, Co, Fe, Pd, Pt, W, Ta. 

(4) The value for the average heat of adsorption of ethylene on nickel 
is 41-5 kcal. 

(5) The reaction rate may be expressed as tem¬ 

peratures. 

(6) The reaction rate may be expressed as voc at high tem¬ 

peratures. 

(7) The overall heat of reaction is 32 kcal. per mole. 

(8) The hydrogenation appears to be molecular in hydrogen. 

These observations which must be explained are apparently satisfied 
only by the following mechanism. Both ethylene and hydrogen are 
adsorbed on the surface but ethylene being much more tightly held tends 
to displace hydrogen molecules. The activated complex is an ethane 
just desorbed from its two positions on the surface. Suppose that for an 
adsorbed ethylene there are b neighbouring positions which a hydrogen 
molecule can occupy and still react with the ethylene to form ethane. 
We let a represent the number of positions per square centimetre accessible 
to both hydrogen or ethylene and we take ai and era as the fraction of these 
positions covered by ethylene and hydrogen respectively ; ft' is the specific 
rate of reaction of an adsorbed ethylene with an adsorbed hydrogen mole¬ 
cule. We shall not take explicit account of the co-operative forces which 
tend to make adsorbed molecules bunch on the surface. Then the 
velocity of reaction v in molecules per square centimeter is 

V = aaxxr%hk\ .... (12) 

“ Beeck, Smith and Wheeler, Proc, Roy, Soc, A, 1940, 177, 62, 

“ Beeck, Rev. Mod, Physics, 1945, 

i« Beeck, ibid,, 1948, 30 , 127. 

Twigg, Trans, Faraday Soc,, 1935, 35, 934. 

Woodman, Taylor and Turkevich, J, Amer, Chem. Soc,, 1940, 63, 1397. 

Woodman and Taylor, ibid., 1940, 62, 1393. 

*® Farkas, Farkas and Rideal, Proc. Roy. Soc. A, 1934, ^3^. 

Farkas and Farkas, J. Amer. Chem, Soc., 1938, 22. 

Rideal, Chem. and Ind., 1943, 63, 335. 

“Toyama, Rev. Phys. Chem., Japan, 1937, 

“Toyama, ibid., 1938, 13, 115. 

“ Pease, J. Amer. Chem. Soc., 1923, 45 , 1196, 2235. 

*• Wheeler and Pease, ibid., 1936, 58, 1665, 

“ Roberts, Proc, Roy. Soc. A, 1935, 152, 445. 



44 THE ACTIVATED COMPLEX IN CHEMISORPTION 

To calculate the as we define a partition functicni fi for ethylene 
such that kT In /i, where (i^ is the chemical potential of ethylene. 

Uius U -^ - ^^3 II . (13) 

^ 1 I — e hT 


4 A» 


Here V is the total j>aseoiih volume which ctmtains Hi molecule of C^IL 
so that K/«i “ kTipi, where pi is the })artial pressure of ethylene. The 
other quantities in (13) have theur usual meaning, /a is tlelined analogously 
for hydrogen gas. repre^sents the partition function for the surface 
atoms before they combine with hydrogen or ethylene ; and /,a repre¬ 
sent the partition functions for the compound ethylene-surface and hydro¬ 
gen -surface respectively. Then 

uu 


(Ti = 


and 


ftflfs 4“ faljz "L Ja'i/i 
ftifi _ 


4 /•1/2 4‘.A2 /i 

Thus substituting in (12) gives 

_/a l ftifif i _ ^-L 

'if.fj. 4-/n/* + Wi)“ h, 


V == abz 


or 


V = ahX 


kTfr 

hhh 




h + 


/j./ 


(14) 

(15) 


Here is the combined partition function for activated ethane with 
all the surface atoms involved in reaction and /**“ s /as*/,”®. Since under 
all experimental conditions v is proportional to the pressure of hydrogen 

we must suppose the quantity A'a^* s ^ may always bo neglected in 

7 »/a 


comparison with i and with s A\7>i* 

JbJi 


Further, if we write fi =: Cjpx 


xW.+KA)-^. 

At low pressures of ethylene v cc p^ and at high pressures v cc ijp^ in agree- 
ment with experiment. By setting -rr-(/>i(i 4 - A'j/>i)~®) — o we find 

clpi. 

that for K^px = i value of v is independent t>f p^^ Substituting 
pi — gives 

ft 

Substituting for C and gives 

4 k ftfn 

We now substitute for these quantities. We assume 6 = 2 corre¬ 
sponding to two neighbouring hydrogen molecules being able to com¬ 
bine with an adsorbed ethylene. Then 
V 170/4 X 10^® X 2 X 5‘6 X 10^* 

“ - 8ir»(8^MgC*)V»(/cr)»/« ^ ^ 


n 

i-l , 


■ kT 


(27TWH,/cr)®/*fer S'jt^IsJcT 




Pz 2h* 


- jg 

- 

I — i-ii 


(16) 
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Here Eo is the energy required to pass from gaseous hydrogen and absorbed 
ethylene to gaseous ethane. This is the heat cf adsorption of ethylene 
minus the heat of reaction of gaseous hydrogen with gaseous ethylene to 
make gaseous ethane and agrees with the experimental activation energy 
jEo = 10,700 cal. as nearly as we can estimate it. This point is discussed 
further below. The internal degrees of freedom of ethane plus its 
rotational degrees have an entropy of 18*46 cal./mole deg. at 300° K. 
The intenial vibrations of ethylene at 300® have the value of 0*57 cal./mole 
deg. If we use these values and the known values for hydrogen the only 
things left undetermined in (16) are the two vibrations associated with 
the motion of ethane tangent to the surface and these same two vibra¬ 
tions for ethylene plus its motion normal to the surface. Thus we obtain 
for the velocity of reaction 


( -—V 

JLLt ® 

i 8 

I 1 hvt 

»“ 11 — e UT 


u = 1*4 > io-*pi 


"mole/cm.* sec. 


(17) 


This is to be compared with v = 1*2 X io~*^2 found by Beeck for un¬ 
oriented nickel where the surface roughness was found to have the value 
170 which we used in our calculation. Thus, if we assume the vibration 
frequencies in (17) cancel agreement is too good since many things includ¬ 
ing the experimental values may be slightly difierent. Quite apart 



Fig. 2. 


If we had an exact value for the heat of adsorption of ethylene our 
postulated mechanism would enable us to calculate a value for Eg to 
compare with the experimental value E© == 10,700 cal./mole. The situ¬ 
ation is as follows. The homogeneous hydrogenation of ethylene requires 
an activation energy of 43 kcal. together with a AH of reaction of 32*5 
kcal. and occurs readily on the surfaces of metals of Group VII such as 
Rh, Fe, Ni, Pt, Pd as also W, Ta and Cr, with a constant energy of activ¬ 
ation at 10*7 kcal. Whereas the AE* remains constant, the temperature- 
independent factor of the rate constant shows variation by a factor of 
10,000 as we progress from W to the much more active Rh. This has 
been shown by Beeck and co-workers who studied this reaction on 

evaporated films of the above metals. The average heat of adsorption 
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of ethylene is 41*5 kcal. whereas that of hydrogen is 24 kcal. on prepared 
Ni evaporated films; thus, the more strongly adsorbed ethylene pre¬ 
ferentially covers the surface of the metal catalyst in the place of the 
hydrogen. The 10-7 kcal. of energy represents the amount of work 
necessary to form the gasc'ous ethane from the adsorbed ethylene and 
the gaseous hydrogen for the condition where the rate of reaction was 
measured independent of the ethylene pressure. The temperature co¬ 
efficient for the reaction will take on diilerent values depending on the 
magnitudes of the pressure of the two reactants. This is shown in Fig, 
2, where the potential energy changes are shown along the reaction co¬ 
ordinate. 

Such specific considerations of the energies of the process are limited 
to the specially prepared catalytic surfaces as employed by Roberts and 
by Beeck. One has only to observe the variations in the heats of ad¬ 
sorption of ethylene, as summarized in Table I, to realize the importance 

TABLE L —Heats of Adsorption of Ethylene 


Metal 

Heat (kcal./mole) t 

. 

Reference 

Au .... 


8-8- 6*9 

Beebe—Schwab ♦ 

Fe. 


16 - 8 


Ni. 


12 

If 

Cr208 .... 


10-8 

If 

Cu .... 


16 

If 

Pt. 


9 

If 

ZnO .... 


25 -19 

If 

ZnO—CrgOj (reduced) 


II -10 

If 

ZnO—CrjOa (oxidized) 


20 -17 

If 

Pt—^Black 


9 

Maxted, Moon 

Ni. 


15 

Toyama 

Ni. 


60 -20 

Beeck ^ 


♦Schwab, Handbuch der Katalyse (Springer, 1943). 
t Variation of heats of adsorption with extent of surface coverage. 
Maxted and Moon, Trans, Faraday Soc,, 1936, 32,1375. 


of catalyst preparation, as is well known. Changes that have been meas¬ 
ured in the heat of adsorption indicate the heterogeneity of the catalysts, 
whose activity is conditioned by the sintering, crystallization and im¬ 
purities, e.g. hydrogen and oxygen resulting from the mode of preparation 
of catalysts from their salts. Such catalysts, however, as pointed out 
by H, S. Taylor, are of prime importance in industrial application and 
will remain a constant challenge to the chemist. 

The authors wish to acknowledge a grant from the United States 
Naval Research Office which made this investigation possible. Special 
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The evidence that certain surface reactions proceed by interaction between 
an adsorbed molecule and a gas-phase molecule is reviewed briefly, with special 
reference to the para-ortho hydrogen conversion and the combination of atoms 
and free radicals. On the basis of absolute rate theory, general rate expressions 
are developed for reaction between two molecules A and B, of which A is more 
strongly adsorbed, assuming the following alternative mechanisms; (i) inter¬ 
action between adsorbed A and adsorbed B, (2) interaction between adsorbed A 
and gaseous B, (3) interaction between adsorbed B and gaseous A. According 
to mechanism (i) the rate passes through a maximum and later decreases as the 
concentration of A is increased, but according to (2) and (3) a limiting rate is 
reached at high concentrations of A. It is shown that at the maximum accord¬ 
ing to mechanism (i) the frequency factor is approximately the same as at 
high A concentrations according to (2) and (3). 

The rate expressions are compared with special reference to the reaction 
between ethylene and hydrogen, for which it is shown that the data appear to 
favour mechanism (i). The low frequency factor for the reaction (/-w lo-*) 
is explained quantitatively on the basis of the theory, being due to the loss of 
translational and rotational freedom in forming the activated complex. 

The close analogy between surface and enzyme reactions is discussed, and 
it is shown that many enzyme processes can be interpreted on the basis of 
mechanism (i). The initial step in the dehydrogenation of lactic acid, the 
urease-catalyzed hydrolysis of urea and other reactions are considered briefly 
from this point of view. 


From the standpoint of the theory of absolute reaction rates ^ the 
central problem in the theoretical treatment of the rates of chemical 
and physical processes is the determination of the configuration of the 
activated complex. The manner in which the activated complex is 
composed of the reactant molecules controls the way in which the rate 
depends upon the concentrations of the reactants (i.e. the order of the 
reaction), and the entropy and energy of the complex with respect to the 
reactants control the rate of the reaction. In principle the structure 
and energy of the activated complex can be calculated by the methods of 
quantum mechanics, and hence the rate obtained : in practice this cannot 
be done satisfactorily, and an empirical method must be used. This 
has usually consisted of obtaining information as to the configuration of 
the activated complex from the experimental order of the reaction, and 
deriving the energy of the complex (corrected to o® K) from the experi¬ 
mental activation energy. It is then possible to c^culate frequency 
factors and rates for postulated mechanisms, and to decide between 
various possibilities on the basis of the agreement with the experimental 
daU. 

This type of treatment has been applied successfully to adsorption 
and desorption processes at surfaces,* to a variety of chemical processes 
on surfaces,® and to the para-ortho hydrogen conversion.* In the present 

1 Eyring, /. Chem. Physics, 1935, 3, 107. 

* Laidler, Gladstone and Eyring, ibid,, 1940, 8, 659. 

® Laidler, Glasstone and E3nring, ibid., 1940, 8, 667. 

* Eley and Rideal, Proc. Roy. Soc. A, 1941, 178, 429. 
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paper we discuss further examples, and in particular extend the treat¬ 
ment to a somewhat dillereut type of surface activated complex, in which 
only one of two reacting molecules is attached to the surface. Langmuir ® 
and JTinsholwood ® have lormulated the theory of bimolecular surface 
reactions 011 the assumption that in order for reaction to occur it is 
necessary for the two reactant molecules to l>ecomc adsorbed wside by side, 
and the calculations refiTrecl to above (except for the ortho-para hydrogen 
conversion) were a dtw(‘lopmeiit of this idea. 'Fhere seems to be little 
doubt that such mechanisms are applicable to most, if not all, ol the 
reactions to whicli they have been apj)lied. However, there are a few 
reactions, winch have been the centre of recent interest, in which it appears 
to be more likely that the activated complex is lormed not from two 
adsorbed molecules but from an adsorbed molecule or atom and a mole¬ 
cule or atom in the gas phase or in a van dcr Waals’ layer. This type of 
mechanism was first propounded by Rideal,’ and was applied by him and 
Elcy * to the para-ortho hydrogen conversion, the activated complex 
for which may be represented as being formed by the process 

H 


II—H 

H H HU 

-LLU-L 


H 

H H : H H 

-LU-i-L 

(activated complex) 


Such a mechanism seems necessary in this case, since the alternative 
explanation ® that the conversion involves an adsorption process followed 
by rearrangement and desorption, 

H—II H—.H 

H Tl 

-U- — -U- — -LL 


is excluded by Roberts* result • that the observed rates of desorption are 
much too slow. Further support lor the Eley-Rideal mechanism is pro¬ 
vided by the fact that a quantitative treatment gives good agreement 
between observed and calculated rates. 

Another class of reactions for which it seems necessary to assume 
that the activated complex is formed directly from a gas-phase species 
and a surface species comprises the recombinations of atoms and free 
radicals on surfaces.These are almost always first-order processes, 
and one mechanism that would explain this behaviour is surface adsorp¬ 
tion of the atoms or radicals followed by recombination on the wall; 
however, this is again excluded by the facts with regard to the stability 
of the adsorbed layer. An alternative explanation, and the most probable 
one, is that the reaction involves interaction between a surface-adsorbed 
atom or radical and a gaseous one ; thus the recombination of hydrogen 
atoms on clean glass surfaces may be represented as 

H H H—H 

H 

HHHH H:HH HHH 

J-LU — -U-U- — -U-LL 

(activated complex) 

® Langmuir, Titans, Faraday Soc„ 1921, 17, 621. 

• Hinshelwood, Kinetics of Chemical Change (Oxford University Press, 1926), 
p. 145 : (1940). P- 187- 

’ Rideal, Proc. Canib. PkiL Soc., 1939. 35,130 : Chem. and Ind., 1943, 63 , 333. 

® Parkas, Z, physih, Chem, B, 1931, 14, 371. 

® Roberts, Trans. Faraday Soc., 1939, 35, 941. 

Eley, Trans, Faraday Soc., 1948* 44 ,216 ; K. J. Laidler and G. W. Castellan, 
(unpublished results), 

Shuler and Laidler, J, Chew. Physics, 1949, 17, 3212, 1356. 
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Detailed calculations on the basis of such a mechanism again give satis¬ 
factory agreement with the experimental results. 

In view of the importance of Rideal mechanisms iu processes of this 
kind it is natural to inquire whether similar mechanisms arc applicable 
to reactions which have conventionally been regarded as controlled by 
interaction between two adsorbed molecules. In the general case of a 
reaction between two molecules A and B we can fonnulatc tlic Langmuir- 
Hinshelwood mechanism as follows : 

A B A-B 

A + B + — s— L- ^ — I— i— _s— ^ i— + products, (i) 

(activated complex) 

With the Rideal mechanism there are two distinct possibilities : in the 
first, reaction occurs between a gas phase molecule of A and an adsorbed 
molecule of B, e.g. 


B 

A — 

A 

—^-h products ; 

• (2) 

in the second, A is 

(activated complex) 

adsorbed and B is in the 

gas phase; 


A 

B + — 1 — 

A 

—S— 

—i-h products. 

• (3) 


(activated complex) 



In mechanism (2) it is not necessary that A is not at all adsorbed, but 
rather that an adsorbed A does not contribute directly to reaction ; how¬ 
ever, it may be noted that if A is adsorbed more than very weakly it will 
indirectly affect the rate by influencing the concentration of adsorbed 
B molecules. 

With a view to contributing to the problem of distinguishing between 
the three mechanisms (i), (2) and (3) in any instance we will now formulate 
the rate laws in each case. It will be assumed throughout that A is much 
more strongly adsorbed than B, i.e. that there are more adsorbed A mole¬ 
cules than B ; however, no other restriction is placed on the degree of 
adsorption. The equations will then be applied briefly to the kinetics 
of the hydrogenation of ethylene, wdth A = C2H4 and B •= Hj. Beeck^® 
has suggested that this reaction proceeds by mechanism (2), gaseous 
ethylene reacting with adsorbed hydrogen; A (ethylene) is strongly ad¬ 
sorbed but the adsorbed ethylene molecules do not interact directly with 
adsorbed hydrogen molecules. The data certainly exclude mechanism 
(3), but it will be seen that the formulation of the rate laws leads us to 
the conclusion that the data are more consistent with mechanism (i) 
than with mechanism (2). 

Interaction Between Two Adsorbed Molecules (Mechanism ( 1 )).— 
The concentration Ca of adsorbed A is given by 

^ = A'c.,.(1) 

where c, is the concentration (in molecular units) of bare surface sites and 

Becck, Rev, Mod. Physics., 1945. 17, 61. 

♦ The derivations given here and in the following two sections employ the 
same notation and general assumptions as in Glasstone, Laidler and Eyring, 
The Theory of Rate Processes (McGraw-Hill Book Company, New York, 1941), 
Chap. VII. 
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c, that of A in the gas phase ; K is the equilibrium constant, given by 

• • • • (2) 


„ /<. €lkT 

^ PJ.'' ’ 


where the / are ihe partition functions and € tlie energy of adsorption. 
Similarly, for the adsorption of B, denoting the quantities by primes, 


.( 3 ) 

''a 

where K' is now given by 

- m/""" ■ ■ ■ ■ '*> 

In addition, 

• • • • (5) 

where L is the concentration of sites when the surface is completely bare. 
Eqn. (i), (3) and (5) give rise to 

Ca = —-rT-- r . . . . (b) 


and 


Ca == 


I + K'c,'* • 

LK'c/ 

1 -b Kc, + K'c/ * 


• (7) 


The condition that Ca > c/ implies that Kcg > k'Cg '; these equations 
thus reduce to 


Ca 


LKCg 

I + Kc; 


( 8 ) 


and Ca = —;—~- 

I + I^Cg 

The fraction 6' of surface covered by B is cleaily Ca jL, i.e. 

K'c' 


B' = 


I + KCg 


. ( 9 ) 


• (10) 


The rate can now be formulated as follows. The average number of 
adsorbed B’s adjacent to any given adsorbed A is sB\ where s is the 
maximum possible number of near neighbours; the total number of 
adsoibed A—B pairs is thus CasB\ which equals 


{i^KcgY' 

If these react with an activation energy (at the absolute zero) of cq, the 
rate is given by 

sLKK'c.c/ 1 £ f* 

" “ (1 +A'c,)‘ • h 7./ , • . . (ii) 

where /**• axidfaa' are the partition functions for the activated complex 
and for the adsorbed pair of molecules. Expressing the K and K' in 
the numerator using eqn, (2) and (4) gives 


V 


sLCgC/ kT f^fafa' 

(I k ^FgF/fifaa' 


exp ((—€0 + € + ^')/kT) 


(la) 


It is seen that the rate is always proportional to Cg' (provided that the 
condition Kcg > K'Cg' holds), but that when is increased the rate 
at first increases linearly, later goes throiigh a maximum, and finally 
decreases. The maximum rate corresponds to =« i /K, and is equal to 


V 


sLCg kT f^fafa' 

4A: ' ‘ FgF/f\fa/ 


exp ((- 


*. + € + O/ftT) 


(13) 


sLc,' 


4 


!£ f*f> 

' h 'F.'UJ 


exp ((- + ^/kT) 


• (14) 
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The activation energy of the reaction increases with increasing con¬ 
centration of A owing to the positive heat of adsorption of A, i.e. to the 
fact that K varies with temperature as where e is positive. At 

low concentrations of A, when i > Kcg, it is seen from eqn. (12) that the 
activation energy at the absolute zero * is eo — « —• ; at the maximum 
eqn. (ii() shows it to be eo “ while at high concentrations it is €0+ €— c'. 
Eqn. (12) also predicts that the activation energy will decrease with 
increasing temperature, owing to the decrease in the importance of Kc^ 
compared with unity in the denominator. In view of these variations 
the importance of measuring activation energies under well-defined 
conditions is obvious ; unfortunately this has not alwrays been done. 

Interaction Between an Adsorbed Molecule A and a Gaseous Molecule 
B (Mechanism (2)).—^The concentration of adsorbed A is given by eqn. (i), 
and the rate of reaction with a gaseous B molecule is therefore given by 


V = Cg'Ca 


• h -F.y, 


_ LKc,c,' kT f* -cj/itr 
I + Kc/ h ‘ F/fa 
__ Lc,c,' ^ /* 

~i+Kc/ h ‘F,F/f. 


(15) 

(16) 

{17) 


The rate now varies with the concentration of A in a different manner, 
increasing linearly at first and finally reaching a constant value. The 
activation energy is cj — c at low concentrations of A and ej at high ones. 

Interaction Between an Adsorbed Molecule of B and a Gaseous 
Molecule of A (Mechanism (3)).—The rate is now given by 


- h ■ F,'f.'^ 

• 

• (18) 

LK'c^/ kT f* 

I + Kc, ■ h ■ F,fa 

• 

■ {19) 

Lc^/ kT f* -^^-e)/kT 

i + Kc,- h ' F^/f, 

• 

• (20) 


This mechanism predicts the same type of variation of the rate and 
activation energy with the concentration of A as does mechanism (2). 

Comparison of the Mechanisms.—An interesting feature of the 
treatments given above is that at low concentrations of A all three 
mechanisms correspond to approximately the same frequency factor. 
Moreover, in the region of the maximum rate mechanism (i) predicts the 
same frequency factor as is given by mechanisms (2) and (3) at high 
concentrations of A, when the rate is no longer dependent upon the 
pressure of A. This conclusion could hardly have been reached without 
the detailed treatment, and indeed other conclusions have been arrived 
at on intuitive grounds. Thus Beeck implies that the low experimental 
frequency factor for the ethylene-hydrogen reaction is in favour of 
mechanism (3), the argument being that since the surface is sparsely 
covered with hydrogen only a small fraction of the sufficiently energetic 
collisions of ethylene molecules will be effective. The reason that this 
argument is not valid is that the concentration of adsorbed hydrogen 
varies with the temperature, so that the effect appears in the activation 
energy and not in the frequency factor. We shall see later that the low 
frequency factor is due to the loss of translational and rotational freedom 
in forming the adsorbed activated complex. The same assumption as 


♦ This differs slightly from the value at experimental temperatures owing 
to the temperature dependence of kTjk and the partition functions. 
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Bccck*s is also implicit in. Elcy's discussion of the factors determining 
whether a reaction will proceed by a Langmuir-Hinshclwood or by a 
Pidoal mechanism. 

Since the frcc|U(*ncy factors are the same the qiu'stion must be deter¬ 
mined by the relative activaiion energies for the three possible mechanisms. 
Jn gt'neral this lactov will favour meclianism (i), since adsorbed niole- 
cul(\s are inon^ reacti\e than gaseous ones. M<‘chanisms (2) and (3) may, 
however, involve lower activation energies than mechanism (i) jf the 
product of the reaction is strongly adsorbed on the surface, so that a 
considerable en(‘rgy of activation is retjuired for its nmioval. This would 
seem to be the only factor which will cause a reaction to proceed by 
mechanism (2) or (3). 'Fliis situation particularly arises when tJie product 
of reaction is a hydrogen molecule. 

Our general conclusion is therefore that the Langmuir-Hinshclwood 
mechanism is i^robably the general rule, and that the Kideal mechanism 
would seem to apply only when the reaction product is strongly adsorbed 
oil the surface. 

The Reaction Between Hydrogen and Ethylene.—^The hydrogen¬ 
ation of ethylene has been very thoroughly investigated, on a variety of 
surfaces,^* and will n<jw bo discussed briolly in the light of the conclusions 
derived above. Ethylene is more strongly adsorbed than hydrogen on 
the surfaces employed, so that A -= C2ir4 and B ~ H*. The product, 
ethane, is very weakly adsorbed, so that we should expect the reaction 
to proceed by the Langmuir-Hinshclwood mechanism (1). Support for 
this conclusion is provided by the fact that the rate decreases at high 
ethylene concentrations, a result that is predicted by mechanism (i) 
but not by mechanisms (2) and {3). That the reaction is frequently 
stated to be of zero order with respect to ethylene is probably due to the 
fact that the measurements were made in the neighbourhood of the 
maximum. 

We may now consider whether the frequency factor predicted by 
mechanism (i) at the maximum rate is consistent with the experimental 
data. Beeck has found on nickel a steric factor of io*"« ; this is 
the ratio of the rate to the number of ethylene molecules striking the 
surface ^vith the required energy of activation. According to eqn. ^14) 
the frequency factor at the maximum is 


sL kT f^fa' 

4 ‘ h • 

^ I 

4 ’ ft ’ * 

ft» " 


(21) 

{22) 


where m is the mass of the ethylene molecule and is the rotational and 
vibrational contribution to the partition function. The frequency factor 
for striking the surface is 

““ ft [zimkTfk • • • • (23) 

ft 

The steric factor for the reaction is therefore 


{zvmkT)^ 

ft* 


(24) 


” Eley, Advances in Catalysis (Academic Press, New York, 1948), Vol. i, 
P‘ 157 ; Quart. Rev., 1949, 3, 209. 

“ For full references see Eley.^® 

Laidler, /. Physic. Chem., 1949, 53, 712. 
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For ethylene at 300® K, {Z'Trmkl')Ik^ is 2*6 x 10^’ and bg is 2*2 x xo® ; 
with 5 = 4 and L == 5 x 10^* the steric factor is found to be 

Bi/B, -=• 0-9 X 10-*, .... (25) 

in excellent agreement with the experimental value of lo ®. This 
low storic factor is seen to bo due to the loss of translational and rotalional 
freedom in forming the activated complex, and there is no need to assume 
that only a fraction of the surface is active. 

Certain arguments have been invoked by Beeck in favour of mechan¬ 
ism (3). His thermochemical objection to mechanism (i), the main argu¬ 
ment, has been answered by Eley,^* while the point with regard to the 
frequency factor is covered above. Our conclusion is therefore that 
mechanism (i) is entirely consistent with all the data that have been 
recorded, and that the evidence favours it strongly in comparison with 
mechanisms (2) and (3). 

Reactions Catalyzed by Enzymes.—^The above considerations have 
direct application to the kinetics of enzyme-catalyzed reactions, which 
may now be considered very briefly. Enzymes are in some ways easier 
to treat than inorganic surfaces, since the sites at which adsorption can 
occur are more clearly defined, a fact that can be inferred from the very 
high specificity. Enzymes can be divided into two classes, according 
to whether they have one or two different types of surface sites which are 
concerned in reaction. The former comprises many of the protolytic 
enzymes, the latter all of the hydrogenases, in which one site interacts 
with the substrate and the other with the coenzyme. We have else¬ 
where formulated the kinetic laws applicable to the two-site systems, 
and will here only indicate the analogies between them and the surface 
reactions considered above. 

One example is the reaction : 

lactic acid + coenzyme I pyruvic acid -f- reduced coenzjme I, 

which is catalyzed by the apoenzyme of lactic dehydrogenase ; we have 
recently studied this reaction experimentally from the present stand¬ 
point.” The rate is found to increase at first linearly with increasing 
concentrations of lactic acid and of coenzyme. At higher concentrations 
of lactic acid the rate reaches a constant limiting value, while at higher 
concentrations of coenz5nne the rate passes through a minimum and then 
diminishes. This may be interpreted by a mechanism which is similar 
to mechanism (i) for the hydrogenation of ethylene. For reaction to 
occur it is supposed that a lactic acid molecule must be adsorbed on a 
site of type i, and a coenzyme molecule on a site of type 2. The in¬ 
hibition at high coenzyme concentrations must be due to the fact that a 
coenzyme molecule can also be attached to a site of type i, replacing a 
lactic acid molecule. However, lactic acid presumably cannot displace a 
coenzyme molecule on site 2, since there is no inhibition at high lactic 
acid concentrations. 

A somewhat similar situation appears to exist in the urease-catalyzed 
hydrolysis of urea, the rate of which passes through a maximum as the 
urea concentration is increased. Here it is supposed that for reaction 
to occur a urea molecule must be adsorbed on one type of site and a water 
molecule on the second type; urea may, however, exclude the water 
by becoming adsorbed on a site of type 2. A similar situation exists in 
the decomposition of hydrogen peroxide catalyzed by catalase, a reaction 
that is also inhibited at high substrate concentrations ; presumably two 
sites are again involved, although a detailed mechanism has not been 
worked out. When there is no such inhibition, as with the majority of 

” Laidler and Soequet, /. Physic, Chem. (in press). 

” So<^uet and Laidler, Arch. Biochem. 1950, 25, 171, 

Laidler and Hoare, J. Amer. Chem. Soc., 1949, 71, 2699. 
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protolytic enzymes, it may bo supposed that it is not necessary for the 
water to be attached to a site on the enzyme, so that here the situation 
resembles mechanisms (2) and (3). 

Dcpaytmcyit of Chemistry, 

The Catholic University of America, 

Washington, D,C., 
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THE ROLE OF HETEROGENEITY IN ADSORPTION 
AND CATALYSIS 

By G. D. Halsey, Jr. 

Received gth January, 1950 

Data on adsorption almost always deviate from the Langmuir equation. 
These deviations often can be formally explained equally well by interaction 
between absorbed molecules or non-uniformity of the adsorbing surface. The 
author has emphasized the second of these explanations, and a discussion is 
given of various proofs or indications that it is a valid one. 

In some cases, notably physical adsorption near the saturation pressure, 
interaction plays an important role in determining the isotherm. The author 
has shown that a refined treatment of a uniform surface does not lead to the 
BET equation but leads to the conclusion that heterogeneity and interaction 
operate simultaneously. The BET surface area determination using nitrogen 
as adsorbate, seems completely satisfactory. The reasons that explain ttiis 
validity in the face of the unreality of the isotherm equation axe discussed. 

The rate of reaction on a non-uniform catalyst surface is formulated, and 
it is pointed out that the assumption that some one reaction is the rate-deter¬ 
mining step is no longer valid. Because a group of sites that are of overwhelming 
importance catalytically may not contribute appreciably to adsorption, there 
is no very direct information about catalysis to be gained from adsorption 
studies. Also, on a non-uniform surface, the rate of the forward reaction cannot 
be determined from the c<j[uilibrium constant and the rate of the backward 
reaction, except at equilibrium. 


Adsorption on Tungsten.—Frankenburg's data for the adsorption of 
hydrogen on tungsten powder have been interpreted on the basis of a 
non-uniform adsorbing surface by Taylor and Halsey.^ We showed that 
an exponential distribution of adsorption energies over the surface would 
account for the Freundlich type isotherms discovered by Frankenburg. 
We maintained that interaction on a uniform surface alone could not 
account for the strongly varying heat of adsorption, which declined 
exponentially (excepting for a small amount of constant heat Langmuir 
adsorption at below 2 % coverage). 

Miller * has criticized the conclusion that Frankenburg's data are 
explained by the non-uniform surface. He remarks that interaction was 
rejected by us because the relation between q and B was not the linear 
one, required by simple theory. Actually we considered a more general 
case (our eqn. (8)) with higher terms in B, to allow the energy of a cluster 
to differ from the sum of the isolated pair interactions involved. We 
thus did not assume a fixed interaction energy. We could confine our 
attention to the crude approximation of random distribution because 

1 Halsey and Taylor: /. Chem, Physics, 1947, ^^^4- 

* Miller, ibid,, 1948, 16, 841. 
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refinements such as the quasi-chemical approximation lessen the cftcct 
of repulsive interaction, making the q -- 6 curve convex to the axes, 
while Frankenburg’s heats were strongly concave to the axes. Similarly, 
Roberts'® model for the immobile film leads to curvature in the wrong 
sense. The rejection of interaction as a sole explanation of the q against 9 
curve was based not on the shape of the curve, but its slope at low 9 , 
where the contributions to the repulsive interaction would come almost 
entirely from isolated pair interactions. The repulsive energy required 
would then be many times jRT. Therefore the random arrangement 
of atoms on the surface would be far from the most stable configuration, 
thus causing the heat curve for a uniform surface to become strongly con¬ 
vex to the axes. In short, the chief reason for the rejection of the inter¬ 
action theory as a complete explanation is the magnitude of the repulsive 
energy, coupled with the overall concavity of the q against 9 curve. 

We do not imply that interactions are not also operating, especially at 
larger 9 ; it is true, however, that it is not necessary to invoke interactions 
to explain the data on tungsten. It should be pointed out, nevertheless, 
that the loophole in our argument is the neglect of other than nearest 
neighbour interactions. Using an arbitrary function for repulsion against 
separation, and assuming random distribution over the surface, any 
desired heat curve can be reproduced. 

It is apparent, that for large repulsions, and the so-called immobile 
film randomly distributed, that the configuration is far from equilibiium, 
and that no equilibrium isotherm, free energy or entropy can be derived. 
In view of the complexities of the problem, it seems wise to confine 
attention to the equilibrium state, experimentally verified by the reversi¬ 
bility of the isotherm measurements, and the agreement of isosteric 
heats with those measured calorimetrically. 

Physical Adsorption.—An analysis of adsorption on a uniform sur¬ 
face,* using the quasi-chemical theory of interaction, has shown that the 
refined hypotheses of the Brunauer-Emmett-Teller (BET) theory lead 
to substantially no adsorption beyond the first layer, if the energy of 
condensation in the second layer equals the energy of liquefaction of the 
bulk liquid. On a uniform surface even if E^> , En> E^, a 

refined treatment predicts an isotherm composed of a series of steps. 
Non-uniformity of the surface smooths these steps out, explaining the 
curves observed experimentally. It is apparent that when the monolayer 
portion of an isotherm in the region of physical adsorption is considered 
by itself, it may not bo easy to choose between repulsion or heterogeneity. 
This difficulty arises because the required repulsion potentials may not 
be large compared to kT. Nevertheless the imminence of the attractive 
interactions that cause multilayer formation, coupled with the necessity 
of a slightly non-uniform field to smooth out the later part of the isotherm 
suggest that heterogeneity cannot be neglected. The formidable problem 
of considering interaction on a heterogeneous surface has recently been 
attacked by Hill,® but as yet, no experimental case has been quantitatively 
analyzed. 

The BET Surface Area.—^Although the BET isothenn equation has 
been shown to be invalid, the surface areas estimated using the equation 
seem to be remarkably satisfactor}’-, A number of reasons can be given. 

1. In so far as the isotherms on two similar catalyst preparations are 
geometrically similar, the ratio of any two corresponding points, for any 
pressure, will be a constant, giving the relative surface area. 

2. The BET plot, although based on a “ theoretical" equation, can 
be looked upon as a graphical method of selecting the “ point B " of the 
isotherm, having no essential connection with the BET theory. 

* Roberts, Some Problems in Adsorption (Cambridge, 1939), § 2.6, Fig. 14, 

* Halsey, J. Chem. Physics, 1948, 16, 931 ; Hill, ibid., 1949, 17, 106. 

* Hill, ibid., 1949, 17, 762. 
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3. The nitrogen isotlicnns have been found the most reliable ” for 
estimating surface area ; and, in general, nitrogen gives by far the bc'st- 
defined point B. 

4. Point B is located where the affinity of the wSiirface for the gas is 
changing most rapidly ; it is reasonable to identify this change in ad¬ 
sorptive power with the completion of the lirst layer. 

5. Wlien a well-dehned point B is absent (Type III isoth(‘rni), although 
a HICT can be made, no reliabU^ surface area can be assigned. 

b. It is possible to have a completely false point !3 when a portion of 
the surface is much more active than the n‘st, leading to an apparent 
saturation that docs not represent the wSurface as a whole. 

7. The Harkins-Jura absolute method ® based on heats of wetting will 
give a true surface area for a plane surfaces but their relative method is 
only strictly true when the isotherm of the unknown, and the isothemt 
for the powder used in the absolute method arc geometriccilly similar. 

Interestingly enough, only an isotherm which certainly will not give 
a BET plot can be relied on to give a true monolayer volume, h'or if 
an apparent point B is followed by an inflexion point, leading to another 
point B, the second apparent saturatiem must involve co-operation. In 
order to involve co-operation, the adsorbate molecules must be close 
togethei, almost touching, and one has real proof of a monolayer being 
formed. 

Nitrogen isothenns never show this behaviour; hut co-operative 
adsorption must obtain near plpo = t. ; no inlle.xion is noted between 
high pIpQ and low plpa) so presumably, co-operative adsorption must 
have started before point B, where the inflexion would be masked by the 
strongly heterogeneous surface. Thus the nitrogen point B gives a true 
monolayer volume. 

Catalysis.—^The rate of reaction on a non-uniform surface ’ has been 
investigated, and the general conclusions only will be summarized here. 
The catalyst is presumed to function by strongly adsorbing a reaction 
product or products, thereby lowering the activation energy for reaction. 
Then, the reaction product must be desorbed to make way for a second 
unit reaction to take place. If the adsorption energy is too large, the 
actual reaction will proceed, but the desorption of products will be so 
slow that the site will be effectively poisoned. On the other hand, if the 
enci^ of adsorption is too small, the reaction will not take place, although 
the products would bo easily desorbed. If the adsorption energy is 
distributed continuously, it is clear that on the optimum sites these two 
reactions would be equally difficult. Therefore, the usual assumption 
that a particular step in a reaction is the rate-determining one is iiiapi)lic- 
able. The rate of reaction on other than optimum sites falls off rapidly 
with energy, and the location of the optimum site depends on the pressure. 
Therefore, ^though a very small proportion of the sites contribute to 
reaction at a given pressure, no group can be selected and treated as if 
it were eSectively uniform. Data for adsorption and rate of adsorption 
involve a wide range of sites, and the catalytically active sites may con¬ 
tribute negligibly to adsorption. It is clear, then, that there is little 
direct connection between adsorption and catalysis on a continuously 
non-uniform surface. 

In addition, away from equilibrium, the backward reaction will pro¬ 
ceed on entirely different optimum sites than the forward reaction, and 
therefore the forward and backward rates cannot in general be determined 
from one another and the equilibrium constant. 

Mallinchrodt Chemical Laboratory, 

Harvard University, 

Cambridge, Mass,, U,S,A. 

« Haikins and Jura, /. Amer. Chem. Soc,, 1944, 1362. 

’ Halsey, Jr., /. Chem, Physics, 1949, 17, 758. 
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The basis of the statistical mechanical account of adsorbed monolayers 
is discussed, and the way in which the properties of the monolayer can be de¬ 
duced is indicated. The physical distinction between immobile and mobile 
monolayers of particles adsorbed on localized or fixed sites is emphasized and 
important differences in the properties of these tw'o types of films are examined. 

The way in which the experimental results for adsorption on to clean sur¬ 
faces can be interpreted in the light of these ideas is described. For oxygen 
films adsorbed on tungsten it is shown that these ideas load to a consistent 
picture of the w^ay in which successive layeis of the film can be built up. The 
application to hydrogen films adsorbed on tungsten is also examined. More 
recent measurements of the variation of the heat of adsorption of these films 
suggest that the earlier interpretation of them was oversimplified, although 
the basic ideas are vindicated. It now appears that hydrogen films adsorbed 
on tungsten pass through an intermediate region when the surface is about 
three-quarters covered, and their behaviour changes from that of an immobile 
film to that of a mobile film adsorbed on localized sites. 


1 , Introduction.—The classical experiments of Langmuir^ showed 
that when a clean surface of a solid or a liquid is exposed to a gas or a 
vapour, a monomolecular layer of the gas is often formed on the surface. 
An adsorbed monolayer of this sort is of considerable importance in the 
study of surface properties and surface reactions, as well as in the study 
of the interchange of energy between a solid surface and a gas. 

The purpose of this paper is to give a review of some statistical aspects 
of chemisorbed monolayers. Many of these topics are dealt with in my 
monograph * to which the reader is referred for the mathematical details 
of the argument. Here, I shall restrict myself to considering the basis of 
the statistical mechanical theory of adsorbed monolayers, and the inter¬ 
pretation of the available experimental data in the light of the theoretical 
deductions. In particular, I want to examine some of the ideas of the 
statistical theory in the light of experimental results which have become 
available since my book was written. 

2. Physical Model,—^Both experimental and theoretical studies have 
shown that a solid surface provides a periodic potential field for an 
atom or molecule incident on the surface. The potential field near a 
crystal surface was determined in a number of cases by Lennard-Jones 
and his collaborators.® These calculations provide a potential map of 
the space as experienced by a gas molecule approaching the surface. 
The potential field consists of a periodic array of positions of minimum 
potential energy. The structure of this array is determined by the 

^ Langmuir, /. Amer. Chem. Soc., 1912, 34, 1310 ; ibid,, 1915, 37, 417; 
Gen. Elect. Rev., 1926, 29, 153. 

® Miller, The Adsorption of Gases on Solids (Cambridge University Press, 

1949). 

®Lennard-Jones and Dent, Trans. Faraday Soc., 1928, 24, 92; Lennard* 
Jones, ibid., 1932, 28, 333. 
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crystal structure of the surface. This work provides a firm basis for the 
idea of localized sites for adsorption which was advanced by Langmuir. 

More recently, it havS also received direct cxpenmeutal confirmation. 
The experiments of Crawford and Tompkins,* for instance, on the ad¬ 
sorption of a number of gases on barium fluoride crystals have shown 
that the amount oJ gas adsorbed in a com})lote monolayer is independent 
of the particular gas. Even though ammonia and nitrous oxide mole¬ 
cules diiter in cross-section by about 50 %, the same amount of each was 
adsorbed in a complete monolayer. The number of molecules in a mono- 
layer depends not on tlieir size, for they do not form a close-packed 
structure on the surface, but on the localized sites for adsorption defined 
by the potential field provided by the solid surface. 

This idea of the adsorption of molecules on localized sites is the basis 
of the examination of adsorbed monolayers using the methods of statistical 
mechanics. This was initiated by Fowler who derived the adsorption iso¬ 
therm statistically on the assumptions that 

(i) there is a definite number per unit area of localized sites for 
adsorption, 

(ii) one gas molecule or atom is adsorbed on each site, 

(iii) the vibrational states of any adsorbed particle arc independent 
of the occupation of neighbouring sites, and 

(i\') there is no mteraction between the adsorbed particles. 

It was clearly necessary to extend the theory by taking account of the 
interactions between the adsorbed particles.® In this case, assumption 

(iv) is discarded, but then the regular arrangement of the sites becomes 
an essential feature of the argument. 

3. Statistical Theory.—In using the methods of statistical mech¬ 
anics to study adsorbed monolayers, the equilibrium between the gas 
phase and the adsorbed phase is considered. We first consider the case 
covered by assumptions (i), (ii), (iii) and (iv) of § 2. If there are Na 
particles adsorbed on the surface and each is in its lowest state, the 
energy of the surface layer is — NaX, where X is the difference in energy 
between the ground state of a particle in the adsorbed phase and the 
lowest state in the gas phase. If a particle adsorbed on a particular site 
can occupy a set of states of energy and weight its vibrational 
partition function is 

i'.(T) = o), exp (— tr/kT). 

r 

Let there be N, sites for adsorption on the surface. In the absence 
of interactions between the adsorbed particles, the energy of the adsorbed 
phase depends only on the number of adsorbed particles and not on their 
arrangement on the surface. The partition function of the monolayer 
can then be written 


^ Na) exp {N,x/kT)MT)Fa, . . (I) 


where g(Ne, N^) is the number of ways in which Na adsorbed particles 
can occupy the Ng sites available for adsorption. That is g(JV„ Na) 
is the weight of the adsorbed state of the whole assembly of energy 
— N„x ; for it, we have 


g{N„ Na) = 


NJ 

Nal (Na-Na)V 


The contribution of the adsorbed layer to the Helmholtz function of 
the assembly is 


^kTlogS, 


* Crawford and Tompkins, Trans. Faraday Soc„ 1948, 44, 698. 

® Fowler, Proc. Camh. Phil. Soc., 1935, 31, 260. 

« (a) Fowler, ibid., 1936,32, 144; {b) Peierls, ibid., 1936,32,471; {c) Roberts, 
Proc. Roy. Soc. A, 1937, *61, 141. 
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Consider the gas phase containing N, particles in a volume V in equilibrium 
with the adsorbed monolayer. The Helmholtz £ unction of the gas phase 
is 




- kTN,^i + log 


N, ’^ 'S' 


( 2 ) 


where Vg{T) is the partition function for the internal degrees of freedom 
of a particle in the gas phase and the other symbols have their usual 
meanings. 

The condition for equilibrium between the gas phase and the mono- 
layer is 




(3) 


This leads immediately to the adsorption isotherm, which can be written 
in the form 


d /i® exp (X/ZcT) VaiX) 

1 - 0 “■ (27r;w)*/*(/cT)V2 • Vg{T) ‘ 


where 6 = NJNf, has been introduced for the fraction of the surface 
covered. 

So far we have neglected the interactions between the adsorbed mole¬ 
cules. Suppose that the interaction between two particles adsorbed on 
a pair of closest neighbour sites has a fixed value, and neglect the inter¬ 
actions between more distant adsorbed particles. Theories of this sort 
will be referred to as fixed interaction theories. The energy of adsorption 
of a layer of particles is then 


- -^XV, .( 5 ) 


where V is the interaction energy between two particles adsorbed on a 
pair of closest neighbour sites and X is the number of such pairs. The 
interaction energy now depends on the arrangement of the particles on 
the adsorbing surface. In other words, the weight of the state having 
a particular energy depends on the arrangement of the particles on the 
surface ; and the partition function is 

3='2g{N..N..X)exp{{N,X-XV)/kT}{Va{T)'^‘. ■ ( 6 ) 


In this expression, g[N,, iVa, X) has been written for the number of 
arrangements of particles on the iST, available sites for adsorption so 
that there are X closest neighbour pairs. 

This expression has not been evaluated exactly. An approximate 
value can be found for 3 by assuming either (i) that the interaction energy 
has its average value «<* for the number of adsorbed particles, or (ii) by 
using the method of local configurations ® in order-disorder theory. 
Fowler using the former approximation, and Peierls using the latter, 
showed that critical adsorption could occur only when there were strong 
attractive forces between the particles in the monolayer. 

If we use the former approximation, the adsorption energy becomes 


The only term in 3 which involves X is then g{Ns, Ng, X) and 3 can be 
evaluated since 

. . (7) 

X 


The equilibrium states are again determined by eqn. (3), and the ad¬ 
sorption isotherm is 


e 


I ~ 8 


exp 


f eV\ h^exp(x/kT)Vg{T)^ 
\ kTj ““ ( 2 ^yi 2 (kT)% IvgTf' 


. ( 8 ) 
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Fowler showed that his results were in qualitative agreement with 
the critical phenomena observed by Cockroft ’ in vStu dying the deposition 
of metallic vapours on to insiilaling surfaces. However, in s^’-stems in 
which chemisorption occurs, the forces between the adsorbed particles 
are generally repulsive. In this case, critical conditions do not aris<\ 
Once the equilibrium conditions have been determined in this way, 
tither quantities of interest can be calculated. I'he heat of adsoiption 
and the way in which it varies as the fraction of the surface covered 
changes, has Iwn studied widely. The heat of adsoiqition ]>er molecule 
is defined as the fall in the energy of the system when one molecule is 
adsorbed. It is given, as a function of the fraction of the surface covered, 
by the relation 


q =:z u — 


lU{e) 
MN.ey ‘ 


(9) 


in which u is the energy of a molecule in the gas phase and U( 6 ) is the 
total energy of the adsorbed film. If Af is the average number of closest 
neighbour pairs for a given value of d then 

17 ( 6 )^ ^N,dx^Xie)V. . . . (lo) 


Consideration of the experimental results in relation to simple theor¬ 
etical considerations led to an important distinction between the different 
types of monolayer that can be adsorbed on an array of localized sites. 
It is necessary to examine these types of adsorbed film, before calculating 
the variation of the heat of adsorption. 

4. Types of Adsorbed Monolayers.—^The idea of the distinction 
between immobile and mobile films adsorbed on fixed or localized sites 
was introduced by Roberts.® In his experiments on the adsorption of 
hydrogen and oxygen on tungsten wires, Roberts found heats of adsorption 
of the order of 2 x lo® joule/mole. Taking the vibrational frequency 
for the adsorbed particles to be of the order of lo^* sec."*-, the frequency 
of evaporation at room temperature is of the order of lo""®® sec.“^. These 
films must therefore be very stable at room temperature. On the other 
hand, for heats of adsorption of the order of lo* joule/mole, the rate of 
evaporation would be of the order of lo^® sec.“^, and quite different 
behaviour would be expected. In this case, the evaporation of the 
film, and consequent re-condensation, is so rapid that the particles ad¬ 
sorbed on the surface could be expected always to assume an equilibrium 
(Boltzmann) distribution. For an intermediate value of the heat of 
adsorption, say, 8 X lo® joule/mole, the rate of evaporation is o-i scc.“^. 
When the heat of adsorption of a system is in this neighbourhood, it is 
in a transition state between the two extreme cases represented by the 
other values which have been considered. 

These orders of magnitude illustrate the two kinds of film adsorbed 
on localized sites. They can be given formal definitions ® in the following 
way. By a mobile film is meant one in which the energy of activation 
necessary to enable an adsorbed particle to move from a given site to a 
neighbouring vacant site is much less than kT, so that the particles move 
freely from one site to another. This free movement from one localized 
site to another ensures that the film takes up equilibrium configurations 
during the occurrence of any process. By an immobile film is meant 
one in which the energy of activation necessary to enable a particle to 
move from one site to another is so much greater than kT that, for the 
times which are concerned in any experimental procedure, the particles 
may be treated as remaining on the sites on which they are first adsorbed. 
The particles in such a film will not assume an equilibrium distribution; 


^ Cockroft, Proc, JRoy. Soc, A, 1928, 119, 293. 

« Roberts, Proc, Camh, Phil, Soc., 1938, 34, 399 ; see also Miller, ibid,, 1947, 
43. 232. 
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the occupation of sites by the adsorbed particles will be random. It 
should be noted that not only free mobility on the surface, but also evapor¬ 
ation and re-condensation will also set up an equilibrium distribution. 
The conditions under which evaporation can occur are roughly the same 
as those under which the adsorbed particles arc freely mobile over the 
surface from one localized site to another. 

As has already been pointed out there will l>e intermediate cases. 
In these, the particles can be looked upon as being able to move from 
site to site on the surface but so slowly that there is an appreciable time 
lag in establishing equilibrium again if it is disturbed in any way. 

5. Statistical Theory of the Heat of Adsorption.—The two ex¬ 
treme cases which have been specified in § 4 can be dealt with theor¬ 
etically. The methods of statistical mechanics can be used to examine 
the equilibrium distribution in the mobile film and to examine some 
properties of the immobile film. Here, we shall determine the equilibrium 
conditions and show how the variation of the heat of adsorption with the 
fraction of the surface covered can be determined. 

For an immobile film in which the particles from the gas phase are 
adsorbed on single sites, the heat of adsorption varies directly as the 
fraction of the surface covered. This follows immediately from the fact 
that in such a film there is a random occupation of single sites. In the 
adsorption of hydrogen on tungsten, it is probable that each molecule 
occupies two sites, one for each atom in the molecule. An immobile 
film of this sort consists of a random distribution of pairs of sites on the 
surface. There is not an exactly linear relation between the heat of 
adsorption and the fraction of the surface covered in this case, but the 
departure from linearity is not very great. 

The heat of adsorption of a mobile film is quite different from this. 
The exact shape of the heat curve depends on the interaction between 
the adsorbed particles but in all cases it shows a rapid fall in the vicinity 
of ^ = 0*5. We now show how these results can be obtained by the use 
of the grand partition function. 

The grand partition function of the adsorbed layer can be written in 
the form 

s = ^ (- XVIkT)[Kv.{T) exp (II) 

Na X 

where is the absolute activity of the particles in the adsorbed phase. 
It is related to the partial or chemical potential by the relation 

fia^ kT loge Xaf 

The other symbols in eqn. (ii) have the meanings which have been 
ascribed to them in earlier sections of this paper. Without serious error, 
as far as finding average values is concerned, the sum in eqn. (ii) can be 
replaced by its maximum term. Denote the values of the parameters 
in the maximum term by asterisks. Then the grand partition function 
can be replaced by 

S* = g(N., Nt X*) exp (- X*V/kT){XaVa(T) exp (x/kT)}Na* (12) 
= Nt X*) exp (- X*VlkT)iNa\ 
where f has been written for KVa{ 1 ') exp {xjkT). 

The essence of the method of local configurations is to deal with a 
small group of sites in detail and to represent the efiects of particles 
adsorbed on sites outside this group by average values. For definiteness, 
we shall consider a square array of sites, as is provided by the (100) plane 
of a tungsten crystal, and examine the occupation of a particular site 
(the central site) and its z closest neighbours (the first shell sites). 

We introduce average quantities in the following way. Let 
be the geometrical mean contribution per site of the array to the factor 

{XaVa(T) exp {XlkT)}^^^ ; 
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let J be the geometrical mean contribution per pair of occupied sites to 
the term involving the interaction energy; and let y be the geometrical 
mean contribution per site of the array to the combinatory factor. Thus, 
we dehne 


- Mr) exp 

lizN. - = exp (- X*V/kT}, - 

ytr. g(N.. N*. A'*). 


(13) 


Consider a particle adsorbed on a particular first shell site. If the central 
site is occupied, its interaction with that particle is allowed for by a 
factor 7 j. It occupies a site which is a closest neighbour also to -s' — i 
other sites; its possible interactions with particles which may be adsorbed 
on these sites is represented by a factor obtained by taMng the aver¬ 
age value defined in the second of eqn. (13). Each arrangement of par¬ 
ticles adsorbed on the group of xr -f- 1 sites can be considered in detail 
in this way. Examining the detailed occupation of this group of sites, 
and using the average values defined in eqn. (13) with regard to the oc¬ 
cupation of the Ng — z — 1 sites outside the selected group, the partition 
function is represented by 

K(x + ^)* + (I + i{‘ *- ^ «**^'*’> • (x4) 


where f has been written for exp (X/kT). In considering different 

modes of occupation of the array, we are concerned only with the ratios 
of terms in eqn. (i/j). The last throe factors in the right-hand member 
of this equation can therefore be omitted, without affecting the results 
which are obtained. Thus, the expression 


i(i + ,«i)* + (I + «i)*, . . . (15) 

in which ej has been written for is used for the'partition function. 
This method* is equivalent to that used by Roberts.*® The argument 
given here is more formal than the physical considerations on which 
Roberts based his deduction of the essential results. Their equivalence 
becomes clear on reflecting that successive terms in the right-hand mem¬ 
bers of eqn. (ii), (14) and (15) give the relative probabilities of different 
modes of occupation of the sites on the surface. 

Having constructed an expression for the partition function, the deriva¬ 
tion of any quantities of interest can be proceeded with. The equilibrium 
relations for particles on the surface arc obtained by using the fact that 
each site must be an average site. If a fraction 6 of the sites on the whole 
array is occupied by adsorbed particles, then the average occupation of 
both the central and the first shell sites must also be 6 , This loads to 
relations 


I — ^ I -|- €1 


(16) 





• (17) 


the detailed derivation of which can be found in § 2.3 of my monograph. 

When equilibrium is established with a gas phase in contact with 
the surface, the absolute activity of an adsorbed particle must be equal 
to that of a particle in the gas phase. The latter is given by 


while the former is given by 


= f exp (— x/kT)IVa(T). 


• Guggenheim, Proc. Roy, Soc. A, 1938, 169, 134. 
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When equilibrium between the adsorbed and gas phases is reached, 
is therefore proportional to the pressure in the gas phase. £qn. (16) 
and (17) then give the adsorption isotherm. 

The value of X is determined by the average occupation of the first 
shell sites when the central site is occupied. This can be found from 
the first term of relation (15) to be If we use cqn. (9) 

and (10) with this result, we obtain finally for the heat of adsorption 


g ~ go _ 
zV 



i 26 


{I - 4(1 - ,)«(! - e))i. 




(18) 


If the adsorbed particles are diatomic molecules which dissociate on 
adsorption so that a mobile film of adsorbed atoms is formed, the only 
difference in the expression for the heat of adsorption is that the factor J 
must be omitted from the right-hand member cf eqn. (18). 

The way in which the heat of adsorption varies with the fraction of 
the surface covered, according to cqn. (18), is shown by curve {a) of Fig. i. 



Fig. I.—^Variation of the heat of adsorption with the fraction of the surface 
covered, calculated from the statistical theor^^ Curve (a) is for a mobile 
film on localized sites, and curve (b) is for an immobile film. 


This has been calculated for F = 2-3 x lo-^* erg per pair of particles 
and 300° K. This interaction energy corresponds to the difference be¬ 
tween the heat of adsorption on a bare surface and on an almost filled 
surface for hydrogen adsorbed on tungsten. 

Now let us examine the case in which each particle from the gas phase 
occupies a pair of closest neighbour sites when it is adsorbed. The grand 
partition function is again replaced by its maximum term, and we consider 
the same group of -j- i sites as in the other case. Each adsorbed 
particle can occupy either the central site and one first shell site, or a 
first shell site and an outer site, or a pair of outer sites. Geometrical 
mean contributions are introduced by equations which are formally the 
same as eqn. (13), but now iVJ refers to the number of pairs of closest 
neighbour sites that are occupied by adsorbed particles, and X* refers 
to the number of closest neighbour interactions between different adsorbed 
particles. The maximum term is then represented by 

Again, in considering the ratios of terms in the partition function, the 
last three factors can be omitted without affecting the results which are 
obtained. Thus, the expression 

^€0(1 -f- + (i + 


Wang, Proc. Roy. Soc. A, ., 1937, 127. 

Roberts and Miller, Proc. Camb. Phil, Soc., 1939, 35, 293, 


• ( 19 ) 
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in which co has been written lor and has been written for is 

used for the partition function. 

To determine the heat of adsorption it is necessary to determine the 
prol>ability that if the central site is occupied, a fifiven iirst shell site is 
occu])ied by some other molecule. This is 

i_zzJ 

- 1 I- V^i 


and the expression obtained “ finally ior tlie Jieat of adstirptioii is 





I 4- r}€i 




I + 21JS, + 7,^1 (I - 


(20) 


This formula applies where there is adsorption as molecules to fonii a 
mobile film and each molecule occupies a pair of closest neighbour sites 
on the surface. 

If an immobile film is formed by the dissociation of molecules, the sites 
are occupied in pairs, and formula (20) can ]>c applied to this case. An 
immobile film of this sort corresponds to a random selection ol pairs of 
closest neighbour sites ; a random distribution corresponds to the case 
7j = J, The heat of adsorption of an immobile film is therefore given by 


g - go _ (j - l)‘ Si 23 - 0) 

sv 2 (s - ey 


(21) 


This is shown by curve (b) of Fig. i, and it is seen that it departs only 
slightly from a linear relation and is far different from the heat curve 
for a mobile film. The heat of adsorption of an immobile film in which 
each particle from the gas phase occupies a pair of closest neighbour 
sites on the surface was first obtained by a numerical method using a model 
of the surface and gave a curve in good agreement with cqn. (21). 

6. Structural Discontinuities in the Final Immobile Film.—^There 
is another feature of immobile adsorbed films of the kind which wc have 
been considering which must be examined before we consider the inter¬ 
pretation of the experimental results. This is the existence of structural 
discontinuities or gaps in the immobile film when adsorption into the 
first layer is completed. 

We have seen that when each particle from the gas phavse occupies 
a pair of closest neighbour sites on the surface to fonn an immobile film, 
there is a random distribution of paiys of sites. As the surface becomes 
covered, there will be some sites on it which remain bare while all of their 
closest neighbour sites are occupied. In an immobile film of this sort, 
such unoccupied sites can never become available for adsorption into 
the first adsorbed layer, and remain bare when adsorption into the first 
layer is complete. A surface film of this sort therefore necessarily has 
structural discontinuities or gaps in it. 

The extent of these gaps can be determined either numerically using 
a model of the surface or statistically.In the statistical determin¬ 
ation it is necessary to determine the probability that the central site is 
unoccupied while each of its first shell of neighbours is occupied. It is 
found that the number of single unoccupied sites completely surrounded 
by occupied sites, in the final film is about 8 % of the tot^ number of 
sites. This means that about 92 % of the surface can become covered 
in the first surface film. 


“ Miller, ibid,, 1947, 43 » 232. 

Roberts, ibid., 1938, 34, 399, § 4. 

“Roberts. Nature, 1935, 135, 1037; Proc, Roy, Soc, A, 1935, 152, 445; 
ibid,, 1937* ^ 4 ^ I Proc, Camb. Phil. Soc., 1938, 34, 399. 

“ Roberts, Proc. Roy. Soc. A, 1935, 153, 464, § 5. 
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Structural discontinuities ol a similar kind occur in any adsorbed film 
in which each adsorbed particle occupies more than one site on the surface. 
Another possible case is that in which the occupation of a site ])rccludos 
the occupation of its shell of closest neighbours by any otlicr particle. 
In this case,i* the coverage in the final film is reduced by ab(jut 20 %. 

The properties of adsorbed films which have been obtained in this 
and the preceding section have proved particularly useful in the inter¬ 
pretation of the experimental results. Wc now consider the data on 
hydrogen and oxygen films formed on clean tungsten surfaces. 

7. Oxygen Films Adsorbed on Tungsten.—^An oxygen film adsorbed 
on tungsten has a very high heat of adsorption. That on a bare surface 
is about 500,000 joule/mole of oxygen; and it would be expected from 
the considerations advanced in § 2, that here we have to deal with an 
immobile film. We have seen that the final film will then have gaps in 
it. These might be expected to provide preferential sites for adsorption 
into a second film. There would be no such preferential sites if the film 
adsorbed immediately on the metal surface were a mobile film adsorbed 
on localized sites. The detailed structure of the adsorbate built up of 
successive layers can then provide information about the nature of the 
film. 

The structure of the oxygen film adsorbed on tungsten was deter¬ 
mined by the measurements of Morrison and Roberts.^’ The basis of 
their method is the sensitiveness of the accommodation coefficients “ 
of neon and helium against tungsten to traces of adsorbable impurity. 
Changes in the accommodation coefficient thus provide a sensitive test 
of the presence of adsorbed films on the surface and also of any changes 
in them. 

The results which were obtained for oxygen adsorbed on tungsten can 
be indicated briefly. The accommodation coefficient of neon for a bare 
tungsten surface is 0*057. When oxygen is admitted, it rises to a final 
steady value which depends on the partial pressure of oxygen in contact 
with the surface. This can be plotted as a function of pressure and extra¬ 
polated to low pressures of oxygen; this gives a value 0*226, which 
apparently corresponds to a layer of oxygen adsorbed on the tungsten. 
The higher steady values of the accommodation coefficient, which depend 
on the partial pressure of oxygen, are apparently due to the adsorption 
of a second layer of oxygen. The rise in the final value of the accommoda¬ 
tion coefficient with lie partial pressure of oxygen, indicates that when 
adsorption into the second layer is completed, the accommodation co¬ 
efficient has reached a value 0*36. 

It is also found that the accommodation coefficient varies with the 
pressure in much the same way as the fraction ot the surface covered 
does ; it can therefore be used as a measure of the fraction of the surface 
covered in the second adsorbed layer. The adsorption isotherm deter¬ 
mined from the experimental results in this way agrees well with that 
calculated statistically.^* This agreement justifies the determination of 
the coverage in the second layer from the accommodation coefficient by 
the formula which Morrison and Roberts used. 

There is one other point to be noted. When the wire carrying the 
adsorbed layer corresponding to an accommodation coefficient of 0-226 
is heated to 1100® K, the accommodation coefficient falls to 0*177, but 
no further evaporation occurs until it is heated to 1700® K. This in¬ 
dicates that the first layer is itself composite and consists of two distinct 
fi lm s. Furthermore, comparison of the changes in the accommodation 
coefficient suggests that the fall in it from 0-226 to 0-177 corresponds to 
the evaporation of much less than a complete monolayer. This would 
not be possible if we were dealing with mobile monolayers on an array 

“ Roberts, Proc. Camb. Phil. Soc., 1938, 34, 577, § 7; see also Miller, ref. 2, 
eqn. (6.4). Morrison and Roberts, Proc. Roy. Soc. A, 1939, 173, i. 

Roberts, ibid., 1930, 129, 146; 1932, 135, 192 ; 1933, *4^, 518. 



66 STATISTICAL ASPECTS OF CHEMISORPTION 

of localized sites ; but it is possible if the more stable film in the first 
layer is immobile. Its intense stability to heating up to 1700® K lends 
weighty support to this view, as also do the very high heats of adsorption 
which arc observed. 

We are led to the following consistent picture. The first adsorbed 
layer of oxygen on tungsten consists of a very stable immobile film. 
This film IS probably atomic and formed by the dissociation of an oxygen 
molecule and the adsorption of its two atoms on a pair of closest neighbour 
sites. It therefore has 8 % vacant sites; and these provide preferential 
sites for further adsorption. The first layer is completed by the ad¬ 
sorption of molecules in these gaps; corresponding to this, the ac¬ 
commodation coefficient rises from 0*177 to 0*226. On top of this 
composite layer a second layer is then adsorbed. It probably consists 
of molecular oxygen adsorbed on the array of localized sites determined 
by the tungsten substrate, and its coverage depends on the partial 
pressure of oxygen. 

These experiments about oxygen films on tungsten provide conclusive 
evidence for the existence of mobile and immobile films adsorbed on 
localized sites. The differences in the behaviour of these two kinds of 
film and of their structure indicate the importance of the distinction. 
The application of these ideas in the present instance, as it was developed 
largely by the late Dr. J. K. Roberts, indicates also their power and 
utility in the interpretation of otherwise complex data. 

8. Hydrogen Films Adsorbed on Tungsten.—The heat of adsorp¬ 
tion of hydrogen on tungsten wires which were cleaned by flashing at 
about 2000® C before each experiment, has been measured by Roberts.’-^® 
The heat of adsorption varied from about 180,000 joule/mole of hydrogen 
for a bare surface to 80,000 joule/mole of hydrogen for a filled surface. 
The relative values of the heat of adsorption for successive admissions 
of hydrogen to the surface could be determined much more accurately 
than the absolute values which would be needed to compare the results 
obtained in different experiments. This uncertainty can, however, be 
overcome by plotting relative values of the heat of adsorption 0/0 o» 
where 0 © is the heat of adsorption for a bare surface. Accordingly, I 
have re-plotted Roberts' results for the adsorption of hydrogen on 
tungsten and they are shown by the points in Fig. 2. The values ob¬ 
tained in each separate run are shown by a different symbol. The full 
line shown in Fig. 2 is the curve obtained theoretically for the variation 
of the heat of a<&orption of the immobile fiilm which is obtained when a 
diatomic molecule dissociates on adsorption, and its two atoms occupy 
a pair of closest neighbour sites on the surface, given by eqn. (21). 

The agreement between the experimental points and the theoretical 
curve is good. The important point is that these experimental results 
could not be fitted to a curve such as (a) of Fig, i, which is the other 
possible theoretical curve. These experiments appear to establish that 
the hydrogen film adsorbed on tungsten is an immobile film on localized 
sites, as we have defined it in § 4. 

Similar results have been obtained by Beeck and Wheeler ^ who have 
examined the adsorption of various gases on evaporated metal films at 
liquid air and room temperatures. Their results for hydrogen adsorbed 
on nickel show a variation of the heat of adsorption from 130,000 
joule/mole of hydrogen for a bare surface to 60,000 joule/mole of hydrogen 
for the filled surface. The experimental points (Fig. 3) show an almost 
linear variation over this range, and this suggests that the hydrogen film 
adsorbed on nickel is also an immobile film, formed by the adsorption 
of the two atoms of a hydrogen molecule on a pair of closest neighbour 
sites. 

Beeck and Wheeler, /. Chevn, Physics^ 1939, 7, 631; Beeck, Rev, Mod. 
Physics, 1945, 17, 61. 
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The question is not, however, quite so clear cut as these results 
suggested at first. So far, we have considered what I have called a fixed 
interaction theory. However, the interactions between the adsorbed 



Fig. 2.—^Experimental values of the relative heats of adsorption of hydrogen 
on tungsten (Roberts) as a function of the fraction of the surface covered 
compared with the theoretical curve for an immobile film 


particles ensure that for a surface which is only partly covered, the ad¬ 
sorbed particles will be displaced from the potential minima provided 
by the surface. When this factor and the variation of the interaction 
between two particles with their 
distance apart are taken into ac¬ 
count, it can be expected that 
the heat curves will be changed. 

These effects have been con¬ 
sidered only for a Imear chain.*® 

The calculations are tedious and 
there is no immediate extension 
to the two-dimensional case. As 
far as they go, they indicate that 
there is a less marked difference 
between the heat curves for mobile 
and immobile films than is ob¬ 
tained with the fixed interaction 
theory. However, the heat curve 
for the immobile film is still much 
more nearly linear than that for a 
mobile film. The theoretical curve 
for the immobile film represents 
the experimental results for hy¬ 
drogen films adsorbed on tungsten 
and nickel better than does the 
curve for a mobile film. 

More recently, Trapnell has 
obtained experimental results for 
the adsorption of hydrogen on 
tungsten which differ from those 
obtained by Roberts. As he is 



Fig. 3.—Experimental values of the heat 
of adsorption of hydrogen on nickel 
(Beeck and Wheeler) as a function of 
the fraction of the surface covered, 
compared with the theoretical curve for 
an immobile film. 

to present his results later in this 


Discussion, I shall say merely that they suggest that in Roberts" 


*® Miller and Roberts, Proc. Camh. Phil, Soc., 1941, 37, 82. 
Trapnell, this Discussion. 
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experiments the surface of the wire was never more than about seven- 
tenths covered. If this be so, it would require a reconsideration of the 
data. This is reinforced by the fact that at his highest coverages, 
Trapnell obtains a flattening of the heat curve, which is more typical of 
a mobile film adsorbed on localized sites than it is of an immobile film. 

It should also be noted that at these highest values of 0 , the heat of 
adsorption has fallen to a value at which one would expect appreciable 
evaporation and re-condensation in the time required to make a measure¬ 
ment. It may be that in this region, the behaviour of the film is changing 
from that typical of an immobile film to that typical of a mobile film ; 
this is, in fact, the intermediate region spoken of in § 4. The point is 
that the two t>pes of adsorbed film which we have described are charac- 
teiized by heats of adsorption which difler by a factor of four or five. 
But the change in the heat of adsorption of hydrogen on a tungsten sur¬ 
face as it becomes fully covered is sufficiently great, and it is in such a 
range of values, that it overlaps regions typical of each kind of film. 

The nature of the hydrogen films on tungsten must at present be re¬ 
garded as obscure, and the original view that it forms an immobile film 
needs some qualification. While it has not been refuted, it is perhaps an 
o ver-simplifi cation. 



Fig. —^Drop in the heat of adsorption in the neighbourhood of a region in 
which a film adsorbed on localized sites changes from immobile to mobile in 
character. The full line represents the likely shape of the heat curve li this 
change takes place at about $ = 0'75. 

It is possible that the new results which appear to cast some doubt 
on the original interpretation of Roberts* measurements, strongly vindic¬ 
ate the essential ideas—^which have been developed in the statistical 
theory given in earlier sections—on which it was based. Consider what 
happens if both the facters which have just been mentioned are operative. 
That is, we assume that the lowest heats of adsorption of hydrogen on 
tungsten measured by Roberts referred, for some reason not at present 
known, to a film covering seven-tenths of the surface. At this stage, 
the heat of adsorption is about 80,000 joule/mole, and evaporation and 
re-condensation are approaching the rate at which a mobile film would 
be set up. If it be assumed that there is a sudden change at this point 
from an immobile to a mobile film, there would be a sudden drop in the 
heat of adsorption as is shown by the dotted vertical line in Fig. 4. 
Allowing for the fact that the change in behaviour could not be ab¬ 
solutely sudden, and that the film would pass through a region of inter¬ 
mediate behaviour, the complete heat curve would show a drop of this 
^rt but rounded off a bit, A curve such as that shown by the full line 
in Fig, 4 would then result. This is very like the results obtained by 
Trapnell. 
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This is why these latter results which at first sight appear to cast 
doubt on the detailed interpretation of Roberts’ results for hydrogen 
films on tungsten, also appear to vindicate the basic ideas on whicli it 
was based. For only a view of adsorption phenomena which contains 
the possibility of two kinds of behaviour would appear to have much 
hope of explaining these results. On this view, even the later measure¬ 
ments provide support for the basic ideas which have been developed 
in the statistical theory. 

9 . Conclusion.—^The conclusion to be drawn from all these experi¬ 
mental results is, I think, as follows. For adsorption on an array of 
localized sites, the distinction between mobile and immobile films is 
important. These two kinds of film show markedly different behaviour 
as far as the variation of the heat of adsorption is concerned, and the 
statistical theory leads to ideas about the structure of immobile films 
which can play a major role in the interpretation of the experimental 
data about oxygen films adsorbed on tungsten, and which make it possible 
to give a consistent picture of the way in which successive layers arc 
built up on the surface. While the original interpretation of the be¬ 
haviour of hydrogen films adsorbed on tungsten appears now to be only 
partly correct, the essential validity of the ideas on which it was based 
appears to be vindicated. 

Cavendish Laboratory^ 
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A theory has been developed for the kinetics of catalytic reactions on in¬ 
homogeneous surfaces in which we started from an entirely arbitrary distribution 
of the more or less active sites on the surface. The ammonia synthesis was used 
as a model process. It was assumed that the adsorption of the velocity-deter- 
mining reactant (in this case nitrogen) is of an atomic character and that an 
unrestricted migration may occur on the surface. The influence of simultaneous 
adsorption of the second reactant and the reaction product has been discussed. 
An essential factor of the theory is the occurrence of a so-called inhomogeneity 
factor in the reaction-rate relation. The value of this factor is determined by 
the frequency” of those active sites which are really active under synthesis con¬ 
ditions. What active sites (characterized by their heat of adsorption) are really 
active depends on the temperature, total pressure and gas composition. 

In th& paper particular attention is paid to the influence which the total 
pressure and the gas composition have upon the value of the inhomogeneity 
factor. Thus it was possible to give an explanation for a well-known practical 
rule for the testing of catalysts used in high pressure synthesis. In practice 
it will in many instances (in the absence of important side reactions) be best 
to test the activity of the catalyst for the decomposition reaction at i atm., taking 
care to establish a certain mixing ratio between the reaction product and the 
s3mthesis gases (in the ammonia synthesis 300 atm. at 425° C, corresponds to 
4*6 % NH 3 ). 


The Inhomogeneity of a Catalyst Surface.—^Many authors hold 
different views as to the importance of the inhomogeneity of the surface. 
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Whereas Taylor,^ Cremer,® Emmett,® Temkin,^ Zeldovitch,® Roginskii,® 
Sips ’ and Frickc * et aL support the opinion that this inhomogeneity of 
the surface is a very important factor in the kinetics of catalytic processes, 
other investigators such as Roberts,* Becck,'^® Volkenstein and Eucken 
advt>cate a dijBfcrent view. The latter consider the interaction between 
adsorbed molecules or atoms as a far more important factor. 

Wc may safely assume that th(*re are catalysts whose surfaces may 
be considered as homogeneous. On account of the fact that equivalent 
adsorption sites are located close together, it will be necessary in this 
case to reckon with an interaction effect. Sometimes, however, the 
quantitative examination leads to unsatisfactory results. Following the 
method indicated by Roberts,® Rideal calculated a far smaller inter¬ 
action energy than had been found in careful experiments and could only 
assume that the repulsion is considerably increased by the underlying 
layer (the catalytic surface). 

On the other hand it may likewise be assumed that on account of their 
preparation (cp. Fricke *) many catalysts have a pronounced inhomo¬ 
geneous surface. Even though, owing to geometric factors, a certain 
type ot crystal faces has the greatest catalytic activity (cp. Becck 1®), 
it may nevertheless be expected that not all adsorption sites of this type 
of face are equivalent. Either as a result of crystal deformations, starting 
from the interior of the crystallites or owing to missing and extraneous 
structural elements in the surface of the crystallites, the energy of the 
adsorption sites will differ considerably. 

As a strong argument in favour of the assumption that the inhomo¬ 
geneity is an important factor, we may refer to the deformation of the 
molecules in chemisorption. Wright and Taylor for instance proved 
the occurrence of each of the methane fragments CH, CH*, CH^ in the 
chemisorption of methane on nickel. From desorption tracer experi¬ 
ments with CO, Emmett and Kummer ® concluded that the bond between 
CO and Fe is not equally strong for all adsorbed molecules. The CO 
molecules which have been adsorbed first prove to have the stronger 
bond and in desorption these molecules are the last to leave the Fe surface. 
(The suggestion for this criterion for the inhomogeneity was made by 
Roginskii 1®,) 

The iron catalyst used in the ammonia synthesis could be adequately 
used as a model for a catalyst with an inhomogeneous surface. It is 
very likely indeed that only the (iii) face of the a-Fe has a great catalytic 
activity (Brunaucr and Emmett ^•) but in the adsorption of ammonia 
Taylor and McGcer unmistakably found N, NH and NH^ radicals on 
the surface which points to inhomogeneity. The latter fact need not 
seem odd when it is borne in mind that small admixtures in the magnetite 
used for the preparation of these catalysts axe highly concentrated on 

1 Taylor, Colloque sur VAdsorption ot la Cindtique heterogene (Lyon, Sept., 
1949) • * Cremer, /. Chim. Physique, 1949, 46, 411. 

* Emmett and Kummer, cf. ref. i. 

® Temkin, Levin Uspehki Khimii, 1948, 17, 174. 

® Zeldovitsch, Acta Physicochim., 1934, 

* Roginskii, ibid., igq?, aw, 61. 

’ Sips, J. Chem. Physics, 1948, 16, 490. 

* Fricke, Z. Elehirochem., 1949, 53, 264. 

® Roberts, Proc. Poy. Soc. A, 1935, 53, 445. 

1® Beeck Rev. Mod. Physics, 1945, 17, 61. 

Volkenstein, Levin Uspekki Khimii, 1948, 17,174. 

Eucken, Z. Elektrochem., 1949, 53, 285. 

Rideal and Trapnell, cp. ref. i. 

Wright and Taylor, Can. J. Res., 1949, 27, 303. 

1® Roginskii, Acta Physicochim., 1946, 21, 537. 

Brunauer and Emmett, J. Amer. Chem. Soc., I937» 59 » 3io» 1553. 
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the surface (Bninauer and Emmett where they will give rise to dis¬ 
locations. 

A priori little can be said about the distribution of the more or less 
active sites. The distribution is probably of the Gaussian type (a fre¬ 
quency curve with a maximum (Fig. i)). The equipartition of sites 
with different adsorption energies as postulated in Temkin's theory is 
most unlikely. 



Fig. 1.—Different t3rpes of inhomogeneous surface. 

The Slowest Reactfon Step.—The advantage of selecting the ammonia 
synthesis as a model for our discussions chiefly lies in the relative simplicity 
of the mechanism. Hardly any side reactions occur and all reaction steps 
are reversible. 

Nevertheless, this mechanism is still rather complicated : 


N, + [ ] 

[2N]. 

(I) 

3 H, + [ ] 

[6H]. 

(2) 

[2N] + [6H] 

[2N + 6H]. 

( 3 ) 

[2N + 6H] 7—^ 

[2NH 4 - 4H 2NHa 4- 2H TZl 2NH3] 

(4) 

[2NH,] 

2NH3-fC ] ;. 

( 5 ) 


there are three adsorption processes (i), (2) and (5), a migration process 
and a chemical reaction. 

Temkin supposed that with heterogeneous catalytic processes all 
reaction steps, except the first (adsorption of nitrogen) are in equilibrium 
because they proceed so rapidly. It should, however, be remembered 
that the velocity of a step is not solely determined by so-called intrinsic 
factors such as activation energy and frequency factor, but also by a 
factor containing fugacity terms of reactants and products which depends 
on conditions. As soon as the reaction has reached a point at which it 
deviates considerably from total equilibrium (high space velocities), the 
next slow step will become rate-determining. In any case, the latter 
can no longer be considered as being in equilibrium. 

For this reason we shall restrict ourselves to reactions occurring in 
a differential reactor in which the gas composition differs but slightly 
from the total equilibrium composition. 

Atomic or Molecular Adsorption of the Velocity Determining 
Reactant (Nitrogen). —^Temkin suggests a molecular nitrogen ad¬ 
sorption. Having regard to the then available data this was a natural 

i® Temkin and Pyzhev, Zhum. fiz, khim., 1939, 31, 831. 
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assumption, since Taylor and Joris had fotmd that the exchange of 
the isotopes on iron catalysts only proceeded at a velocity 

comparable to that of the adsorption, if hydrogen was present. 

Recent investigations by Emmett and Kummer ® have clearly proved, 
however, that if the expt^riments are carried out with sufBLcient care, the 
isotope exchange does proceed at a suJQiciently high rate, even in the 
absence of hydrogen. On account of those results it will be more correct 
to regard the adsorption of nitrogen as an atomic adsorption. 

Simultaneous Adsorption Proclsses. —In his theory on the kinetics 
of the ammonia synthesis Temkin did not take into account the simul¬ 
taneous adsorption of hydrogen and ammonia. This omission is allowed 
as far as the adsorption of hydrogen is concerned since Brunauer and 
Emmett have stated that under conditions of synthesis nitrogen and 
hydrogen are adsorbed on different t3rpes of sites. 

In addition, Brunauer and Emmett found, however, that after adsorp¬ 
tion of nitrogen the hydrogen adsorption increases. When repeating 
these experiments in our laboratory we not only confirmed this result 
but moreover observed that, although the additional binding of hydrogen 
below 250° C may be considered as adsorption, at higher temperatures, 
however, this increased adsorption is fictitious and due to the formation 
of ammonia. After we had made a correction for the amount of ammonia 
formed, the hydrogen adsorption proved to be normal 

The increased hydrogen adsorption, occurring in the presence of nitro¬ 
gen on the surface, may therefore be considered as a chemisorption of 
ammonia in the form of NH or NHa radicals (cf. also Taylor and McGeer i’). 
Even though at a low NHa pressure (i.e. at a low total pressure) this 
adsorption will be of minor importance, it is quite possible that at a high 
pressure part of the sites where nitrogen adsorption may occur, will be 
covered with ammonia radicals. 

Reaction Rate on Arbitrary Inhomogeneous Surfaces.—As Temkin 
did, we characterize the adsorption sites with the adsorption energy 
for nitrogen e as a parameter, and as a characteristic for the catalytic 
surface we adopt a function In general this function will have an 

arbitrary form which may possibly be derived from adsorption measure¬ 
ments (Roginskii and Todes,®^ Sips ’). In the first instance we shall neglect 
the adsorption of ammonia, and later show to how far our considerations 
must be altered when this adsorption is taken into account. 

Following Temkin's treatment and assuming that all the processes, 
except the slowest, may be considered as being in equilibrium, we write 


p* - 

~ KPi 


H, 


(2.1) 


which implies that the fugacity of the adsorbed nitrogen is determined 
by the normal total equilibrium constant K, the hydrogen fugacity and 
the fugacity of the ammonia contained in the gas mixture. (In this paper 
the fugacities are supposed to be equivalent to the partial pressure of 
the gas phase components.) 

Using the subscript o for the most active sites, and i for an arbitrary 
site, it follows from the customary assumed linear relationship between 
activation energy E and binding energy € that 


— «(€o — €<), .... {2.2) 

where « is a constant. 

Assuming atomic adsorption and unrestricted migration the rate of 
adsorption on sites of the i-type is 

Vt = Pn,(i - . . (2.3) 

[ha also includes the constant entropy factor). 


“ Taylor and Joris, J, Chem, Physics, 1939, 7, 893. 

*® Brunauer and Emmett, J. Amer. Chem. Soc., 1940, 62, 1732. 
Roginskii and Todes, Acta Physicochim., 1947 15, 624. 
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Since is the fugacity of the adsorbed nitrogen, we may write 

"• I + ... 1 

where a = 

i.e. the ratio between the frequency constants for adsorption and de¬ 
sorption (including the entropy factor). 

Integrating over all types of adsorption sites we find for the average 
rate of adsorption : 


J «'(<)de 

or V = _ e)i-«]2. . (2.5) 

In an analogous manner we find for the rate of desorption: 

= ife'e -(^0 + «^)/B 3 r(aP*^)i-«[^(i - . . (2.6) 

Since the reaction rate is determined by 


f[: 


-1. 


dPy. 

At 


= V -W 


we consequently find that 

e - (®o + w.VBO’ 


X 




With the exception of the factor, 

F = [>ri.... (2.8) 

this relation contains the same factors as the equation derived from 
Temkin's theory.* 


In view of this result it is useless to examine the relation as a whole. 
Therefore we shall restrict ourselves to a discussion of the factor F which 
we have termed the inhomogeneity factor since it represents the inhomo¬ 
geneity of the catalytic surface in the rate equation. 

We note, however, that the entire reaction rate equation, for the 
interpretation of the experimental results, can be appropriately trans¬ 
formed to the equation : 


d In (i — 7 j^) 

di 




after substituting the efficiency 17 (defined as 


. (2.9) 


actual concentration of the reaction product 
concentration after establishing the equilibrium state/' 

For the ammonia s3nithesis the last factor may be assumed to 
be practically equal to i, since (i) n differs only very slightly from j- 


♦ If, contrary to our assumption, the nitrogen adsorption should not be of 
an atomic but of a molecular character, the resulting change in the above rela¬ 
tion will be restricted to the factor F which in that case '^1 read 

[^(i - 


C* 
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(Temkin) and (ii) we shall only consider reaction rates in the neighbour¬ 
hood of the equilibrium state -> i. (All constants inclusive of the 
temperature factors have been included in the constant k'\) 

Inhomogeneity Factor jF.—^T he inhomogcncity factor is in the 
first place determined by the value of exponent n. The latter onginates 
from the relation between activation and binding energy. Most probably 
the value for n ranges between m = J and w = i. M^en w = i and we 
are dealing with molecular adsorption of the rate-determining reactant, 
the inhomogeneity factor becomes equal to B which in a separate experi¬ 
ment may consequently be determined as a function of PJ (A ==: rate- 
determining reactant). (In atomic adsorption and w = i, the value for F 
becomes F = which is not identical with {B)\) 

The case w J-, which according to TemMn occurs in the ammonia 
wsynthesis, is more interesting. In eqn. (2.8) for % = J and 0 the 
function F reaches its maximum and decreases rapidly with lower and 
higher degrees of occupation. 

From this it may be concluded that in the latter case the reaction 
rate is almost exclusively determined by those adsorption sites having 
an intermediate degree of occupation. Of the entire *' surface energy 
spectrum ” consequently only a narrow band (corresponding with ad¬ 
sorption sites with an intermediate degree of occupation) is active. This 
docs not imply that under all conditions always the same energy band is 
active. 

Apart from the adsorption energy the degree of occupation depends 
on the tugacity Pj^^ and the temperature T, e.g. where 

= = .(3.1) 

We now introduce for the adsorption energy of those sites which 
under normal conditions (e.g. T = 427® C, P = i atm., 1? = i) have a 
degree of occupation of ^ Adopting the new vaiiable 


2 RT 


then for « = J we may write 


F « [6«(i - 0 ) 1 “*]* = 


1 + 00 
^ r+oo 

W{x)dx 

J - 00 




J «P(*)de 




(3-2) 


We have already observed that 6 {i — 6 ) rapidly converges for values 


of 0 5 1/2 or in other words that the function ■ 


, win rapidly con- 


^ V,* ----- *»**>,w*s.** (i 4. e«)* 

verge for energy values of e > or < (Fig. 2a, 26). 

So if the value of the energy distribution function does not change 
too mpidly in the neighbourhood of €^{xq = o) we may write : 

F = IP(^o) 


* Temkin and Kiperman, Zhurn. fiz. khim., 1947, 927* 


. (3.3) 
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+ 00 


since 


e*d^ 

(I + e«)® ’ 


in other words the inhomogeneity factor is consequently a direct measure 
of the frequency of those adsorption sites having a degree of occupation = 

When the conditions de¬ 
viate from those mentioned 
above, 6 = ^ will hold for 
other adsorption sites, since ^ 
depends on the fugacity 

It will be seen that the 
value of the inhomogeneity 
factor F = ^{Xq) will change 
to a greater or less extent with 
pressure according to the shape 
of the energy distribution func¬ 
tion ^(x ). Also a change in the 
ef&ciency of the synthesis 
entails a shift of How¬ 

ever, as long as we do not know 
at what 17 values deviations 
from the theory will occur, the 
latter shift is less interesting 
since we are not sure whether 
the next slow step will also 
play a part. 

When we consider the de¬ 
composition of ammonia at i 
atm., for which case (m accordance with the postulated reversibility of the 
reaction) the general reaction rate equation also holds, we see that the 



Fig. 2 a.- 


-Active area determining inhomo¬ 
geneity factor F. 



same value of F at 100 atm. corresponds with a gas mixture containing 
2-9 % of ammonia (at 300 atm. 4-6 % NHg, at 3000 atm. 9*2 % NHj). 

Simultaneous Adsorption.—^In the in-^oduction we pointed out 
that the adsorption of the reaction product cannot be ignored. The 
adsorption of ammonia should now be considered in the same way as, 
for example, the adsorption of methane on nickel described by Wright 
and Taylor. The most active radical will be found on the most active 
sites, i.e. the N atoms on the most active and NH and NH^ radicals on 
the less active sites. From this it follows that the NH and NH* radicals 
are adsorbed on the sites of intermediate activity which sites, as stated 
in the preceding paragraph, determine the reaction rate. 
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I atm. 


3000 I 9*2 

300 I 4*6 

100 I 2*9 

II — 

I o-i — 

The shifting of with respect to its location under standard conditions if 
only the total pressure is modified, is indicated by arrows a, 6, c. 


a 

h 

c 

d 

e 


So, if the conditions are favourable for ammonia adsorption, a simul¬ 
taneous and competitive adsorption of nitrogen and ammonia will occur 
on the sites of intermediate activity. Part of the adsorption sites located 
in the “ active energy band are then blocked by the adsorbed NH and 
■NHa radicals. 



If now the equilibrium ammonia pressure is highly dependent on the 
total pressure as is the case in the ammonia synthesis, it is quite possible 
that the simultaneous adsorption of ammonia will decrease the reaction 
rate at high but not at low pressures. The injftuence of the ammonia 
adsorption is illustrated in Fig. 4. The occupation by nitrogen molecules 
has, as it were, reduced the frequency of the sites where nitrogen adsorp¬ 
tion may occur. 
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Now since the ammonia radicals have a polar character, Iho adsorption 
of these may be influenced by dipole interaction or polaruaiion effects 
caused by polar molecules present on the surface, such as the so-callcd 
first promoters AlgOa, MgO and the like. For the same reason, however, 
it may also be imagined that the second promoter such as KjO, CaO 
may, at least in principle, act as antagonists. (At the moment the latter 
point is under investigation in our laboratory so that it is only mentioned 
briefly.) 

Testing of the Activity of Catalysts.—Due to the peculiar be¬ 
haviour of the inhomogeneity factor in the reaction rate equation, it is 
not surprising that for the testing of catalysts used in high pressure pro¬ 
cesses the s3mthesis test" at i atm. may in many cases lead to wrong 
conclusions, whereas the decomposition test at i atm. will frequently 
3deld a more accurate result. Thus at atmospheric pressure another 
part of the inhomogeneous catalyst (another band in the energy dis¬ 
tribution spectrum) will be active than at a pressure of 300 atm. and 
generally ^(e) will not have the same value for two different catalysts. 



Fig. 5 .—^Different sequence of catalysts at different pressures. 

At I atm. A, the most active. At 300 atm. B, the most active. 

It is by no means impossible that the V'le) curves intersect (Fig. 5, 
catalyst A is the best at atmospheric pressure and catalyst B at a pressure 
of 300 atm. although the latter possesses a far smaller number of very 
active sites.) Moreover, it is quite possible that even if, in the absence 
of ammonia, the distribution functions do not intersect in the range be¬ 
tween I and 300 atm., one catalyst adsorbs the ammonia far better than 
another. (Fig. 6. catalyst A, being the best at atmospheric pressure, 
is far more sensitive to ammonia adsorption than catalyst B.) We think 
for instance of the t3q)ical behaviour of singly and doubly promoted 
catalysts. 

If, however, in performing the test, the rate of decomposition of the 
ammonia under normal conditions is used as a criterion for the catalytic 
activity and provisions have been made for the appropriate ammonia 
content of the gas mixture we are able : 

(i) to examine the same energy band of the inhomogeneous catalysts 
as is active at high pressure and 

(ii) to find whether a possible simultaneous adsorption of ammonia 
will exert an influence. 
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Although in practice the most ejS&cient testing procedure had been known 
for a long time, it was not known why it had to be performed in this way. 



Fig. 6 .—Different sequence of catalysts at different pressures. 

At I atm. A, the most active; at 300 atm. B, the most active . . . effect of 

NHa adsorption on A. 

Concluding Remarks.—In this paper our considerations of the 
kinetics of catal3rtic reactions on inhomogeneous surfaces, are still of a 
qualitative nature. 

This is due to : 

(i) the uncertainty as to the shape of the distribution function ; 

(ii) the uncertainty as to what extent the migration of the adsorbed 
nitrogen atoms and ammonia radicals can proceed without re¬ 
striction ; 

(iii) the lack of knowledge of the intrinsic rate factors (activation 
energy and frequency factor) for the next slow step; 

(iv) the fact that the quantitative description of the adsorption of 
ammonia in the form of NH and NHg radicals cannot as yet 
be given. 

It may be that in the near future the application of the theories of 
Roginskii and Todes and Sips ^ will enable us to obtain a better idea 
of the shape of the distribution function ^(e) from exact data on the 
chemisorption of nitrogen. 

Even the extent to which the migration of nitrogen atoms and am¬ 
monia radicals proceeds unrestrictedly, as has been suggested here, is 
open to doubt. The great difference between the experimental activation 
energies of S3mthesis and decomposition reactions (with many catalysts 
about 20 kci. after elimination of the heat of reaction) as well as the 
influence of the temperature on the activation energy in the decomposi¬ 
tion reaction (cf. Love, Emmett and Brunauer,®®* ** and Chriznian **) 
must presumably be ascribed to restricted migration. Knowledge of 
the intrinsic rate factors of the next slow step is also lacking. Both these 
points are being investigated in our laboratory. 

In conclusion it may be remarked that an extensive examination of 
the chemisorption of nitrogen, hydrogen and ammonia both separately 
and in combination (i.e. an extension of the investigation by Brunauer 

Love and Emmett, J. Amer. Chem. Soc., 1941, 63, 3297. 

Love and Brunauer, ibid,, 1942, 64, 745. 

•® Chrizman, Acta Physicochim., 1936, 4, 899. 
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and Emmett will probably enable us to complete our knowledge oi the 
chemisorption of ammonia. * 

I wish to express my gratitude to my collaborators, particularly 
Dr. Kruyer and Mr. Zwietering. 

Central Laboratory, 

Staatsmijmn, 

Geleen, The Netherlands, 

GENERAL DISCUSSION 

Dr. J. G. M. Brenmer (Billingham) {communicated) : In connexion 
with the calculations of Huang and Wyllie on the interaction of adsorbed 
molecules with a surface, I have applied the method of molecular orbitals 
to a simple model of a chemisorbed unsaturated 
molecule e.g. acetylene, ethylene or benzene and 
have derived relative adsorption heats in this way. 

On this model, the 7r-electrons, by tending to fill 
the empty holes in the ^i-band, become delocalized 
and, moreover, as interaction of these electrons in 
the metal surface is also postulated, the structure 
for chemisorbed benzene is as shown. Geometrical 
considerations will afiect the length and conse* 
quently the exchange integral of the carbon-metal, 

(C—^M), bond. In this way, the model implies a 
correlation between the spatial and electronic factors. If the adjustments 
for the unknown integrals are allowed to accumulate in the C—bonds, 
the secular equation ties the form shown in which the top-left and bottom- 

right quarters correspond to the circulant for benzene, while the ex¬ 

change integral for the C—M bond, np, occupies the leading diagonals 
in the two remaining quarters. 

The 12 roots of this equation are obtained by adding dr wjS to the 
6 roots of the circulant for benzene. In consequence, the 3 lowest roots 
become 

— j8(« -f 2); — p{n -hi); — i 3 (« + i). 

The ir-electron energy for the adsorbed molecule is now j8(8 -h 6 n) 
compared with 8 j 3 for the unadsorbed molecule. The difference, 6 np, 
corresponds to the heat of adsorption. In general, such calculations 
give an adsorption heat of Znp, where Z is the 
number of electrons delocalized at the surface. 

CaH 4 C*Ha CoHo 
Heat of adsorption kcal. {n = i) 36 72 108 

The heats of ethylene adsorption given by 
Beeck 1 cannot be used to evaluate n because of 
the unknown heat change in the side-reactions 
which accompany the adsorption process. If we 
take « = I and put jS = 18 kcal., we obtain the 
heats of adsorption shown. The higher heat of CaHa adsorption com¬ 
pared to C2H4 accounts energetically for the dehydrogenation reactions 
which C2H4 undergoes on adsorption, as well cis for the selective hydro¬ 
genation of CaHa in CaH4 mixtures.^ It is further evident that the heat 
of benzene adsorption becomes very large on this model as the de- 
localization effect easily outweighs the resonance energy of the unadsorbed 
molecule.® 

Prof. G, M. Schwab {Athens) said: The remark of Mr. Huang that 
“ activated adsorption ** possibly is merely an activated displacement 

1 Beeck, this Discussion. * Cp. Eley, Quart. Rev., 1949, 209. 
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of surface contaminations, is rather revolutionary in view of the more 
recent development of the aspect of catalysis and would lend support to 
the older view that adsorption is never rate-determining. 

Dr. A* R. Miller [Camhfidge) (comimtvicated) : In his communication 
1 o the Discussion about changes in the accommodation coefficient of 
noon against tungstexi bearing adsorbed oxygen Dr. Wyilie appears to 
neglect an important consideration. An essential condition that the 
conclusion in his opening paragraph should be valid is that there exists 
a linear relation between the accommodation coefficient and the amount 
of gas adsorbed irrespective of the layer into which the gas is adsorbed. 
There seems to be no prima facu reason why this should be so and con¬ 
sideration of the detailed picture postulated by Roberts to explain his 
experimental results suggests that it may bo far from the case. For 
oxygen adsorbed on tungsten Roberts suggested that the lirst process was 
a random distribution of molecules occupying pairs of sites with 8 % 
unoccupied sites in the final film ; the second process was molecular 
oxygen adsorbed end on in the vacant sites ; and the third process 
was the adsorption of a second layer on top of this substrate. 

The accommodation coefficient for the first process was o*i8, for the 
second process it changed to 0*23 and for the third to 0*36. I suggest 
that the explanation of Dr. Wyllie's apparent difficulty is that the change 
in accommodation coefficient for these different processes depends not 
only on the amount adsorbed but also on the substrate. In other words, 
in the third process we are concerned with the accommodation coefficient 
of neon on a tungsten surface covered with one layer of oxygen and not 
of a bare tungsten surface as in the first process. 

The point is that the changes in the accommodation coefficient 
observed experimentally indicate that three distinct processes take place 
in succession. Any discussion must succeed in identifying these distinct 
processes; the explanation put forward by Roberts does this. Dr, 
Wyllie's discussion of the changes in the accommodation coefficient appears 
to neglect this. 

I agree with the remarks by Dr. Beeck. In mentioning his results 
for hydrogen adsorbed on nickel, I did not appreciate how small a fraction 
of the sites on which adsorption takes place are directly exposed to in¬ 
cident gas molecules. 

In reply to Dr. Wright, it should be stated that the possibility of mole¬ 
cules lying “ end on on the 8 % vacant sites of a random distribution 
of pairs of sites has been considered in other connections. It would be 
inadequate to account for the difference of surface coverage obtained in 
the experiments of Roberts and of Rideal and Trapnell since the latter 
obtain a surface coverage greater by 40 or 50 % than that of Roberts. 

Mr. N. Thomas {Imperial College, London) said : I have developed an 
approximate treatment of the problem treated by Dr. Wyllie. 

Firstly, we note that “ co-ordinate complexes formed by various 
metals are due to the formation of hybridized bonds by unpaired d“ 
electrons in the outer shell of the metal. This suggests that chemisorbed 
complexes on the metal surface are held by co-ordinate bonds, since 
catalytic activity and ability to form complex ions seem closely correlated. 

Such a bond involves donation of an electron to the metal by the 
adsorbate. This process can be simp’y treated using the following model: 
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D—energy needed to break bond 
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A potential valley of depth D approaches the metal and the electron 
has to pass out of it. It will do so in two stages ; it will become statistic¬ 
ally excited to the upper energy level of the metal and will then penetrate 
the hairier as a penetration wave. The transparency of a rectan^lar 
barrier is readily obtained by the Jeffreys approximation. Combining 
the “ penetration factor " and the statistical factor, we finally get for the 
rate ot adsorption 


isTa* = AT ^exp {- p - ^)//cr). exp (- 2(2^&)*L) . (i) 

L, the barrier width, must be estimated from X-ray values. Eqn. (i) 
can be modified to allow for the effect of an applied electric field, thus: 

JsTa*, = AT^ exp ([- (D - - ^E^VtykT) exp (- (2 V2^*L). (2) 

This expression involves two terms, one temperature-dependent, the 
other temperature-independent; one varies as the other as (D — 

If X) is constant, they will obviously vary in opposite directions (cf. 
Schwab). 

The work function of the metal ^ is dependent on the cohesive energy 
of the crystal. Now a portion of riie crystal elevated above the surface 
level is already partially removed from 
the main crystal, and since the cohesive 
energy is that required to remove an 
isolated atom from the crystal to infin¬ 
ity, the mean cohesive energy of the 
detached group will be much less than 
that of the crystal. Hence ^ may be 
reduced. In our new model, the electron 
still has to rise through the range of energy 
levels of the metal D — </>, but instead of 
penetrating a barrier of height 4 > it would 
have to penetrate one of height ^ — AEo, 
where AEc is the change in cohesive energy. The lowest energy level 
in the metal " moves up Calculation of for any given con¬ 

figuration is very difficult, but the method of Onsager, applied by Frank ® 
to a s i mi la r problem, may prove useful. Again, differences in the spacing 
of atoms in a surface plane may be reflected in the value of which 
includes a term in i/r, (r, = radius of the Wigner sphere). Thus a wider 
crystallographic spacing would reduce and hence 

The overall reaction rate for a process such as we have discussed above 
would be given by combining our expression for the adsorption process 
with a kinetic expression, such as that used by Eyring and by Temkin. 

We get an expression of type 


t 


AE, 


V 


, STT^kXlk^ . 



-4>SIhT 


for emission of product; here = effective work function and the suf¬ 
fixes c, pf refer to complex and product respectively. 

Similarly for rate of adsorption 


=Ar/A| 


8w>IfiTlh *. i/<r. 


(27mkTfltlh>. . i/, 


5 } 


exp 


(-(i>-^)/ADexp{- 2 ( 29 J)i.£}, 


the notation being as before. 

The main problem, now, seems to me to be the determination of 
for the groups of atoms which form ** active centres ”, but any relation 
between and the configuration of these groups would certainly be very 
complicated. 


* Faraday Society Discussion^ 1949, 5. 










82 


GENERAL DISCUSSION 


Dr. G. Wyllie {Bnstol) [communicated) : The process described by Mr. 
Thomas is that of thermal ionization of an atom close to the surface 
rather than formation of a co-ordinate link. He appears to neglect the 
interaction of the resulting ion with the metallic electrons, which may be 
roughly approximated by the image potential, and I am not clear how 
this is justified. This process may be important as a stage in some catalytic 
reactions, but it is an excitation, not directly involved in adsorption, 
though it may be in some cases a preliminary to it. 

Mr. N. Thomas [Imperial College) [communicated) : The process as¬ 
sumed involves donation of an electron by the adsorbate to the metal, 
but this does not necessarily imply that the interaction between adsorbate 
and metal can be described only by Coulomb forces. The electron may 
be spatially localized to some extent in forming a co-ordinate bond. 

Dr. K. W. Sykes [Swansea) said : A recent theory of the catalysis of 
the oxidation of carbon might briefly be mentioned here, because it sug¬ 
gests a useful approach to some of the problems under discussion. It 
has long been known that the reactions of carbon with gases such as steam, 
carbon dioxide and oxygen are catalyzed by many of the metals which 
may be present as impurities in the carbon. All the explanations pro¬ 
posed hitherto involve an alternative reaction path in which the catalyst 
acts as an intermediate ; the oxidizing gas reacts with the catalyst which 
in turn oxidizes the carbon. Some recent experimental work * has shown, 
however, that the reaction mechanism is unchanged by the catalysts, 
which merely alter the rates of certain of the individual stages. The 
new theory consequently deals with the general energy levels of the 
reacting system. 

A common feature of all reactions in which carbon is oxidized at high 
temperatures is the conversion of adsorbed oxygen into gaseous carbon 
monoxide; this process takes place at some of the less firmly bound 
carbon atoms at the edges of graphitic lattice planes. When an oxygen 
atom is adsorbed at such a site, two types of distribution of the w-electrons 
may be distinguished : 

O O 

I II 

Xc/'^c/ \c/Xc/ 

I II II II 

(«) ( 6 ) 

Type (6) is the more favourable for the evolution of carbon monoxide, 
because the carbon-carbon links which must be broken are weaker and 
the carbon-carbon bond approximates more closely to that in the carbon 
monoxide molecule. It is suggested, therefore, that the catalysts make 
the bond distribution less like [a) and more like (6) by interacting in some 
way with the ^-electrons. 

Molecular-orbital theory® shows that the necessary changes can, in 
fact, be produced by electron transfer between the carbon and the cata¬ 
lyst. To avoid the difficulties associated with calculations on the rather 
complex system under discussion, the phenoxyl radical, derived by 
removing a hydrogen atom from the hydroxyl group of the phenol mole¬ 
cule, serves as a simple model which contains the essential features of the 
real situation. The calculated w-bond orders in the neutral radical, and 
also in its singly charged positive and negative ions are as follows : 

o o o 

I 0-788 
1 ^ 0-882 

Badlcal 

* Long and Sykes, Int, Cong. (Nancy, 1949), /. Chim, Physique, 1950, 47, 36. 

* Coulson, Trans. Faraday Soc., 1946, 43, 106. 
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These figures indicate that the removal of an electron should result 
in appreciable catalysis, since in the positive ion the carbon-oxygen bond 
is strengthened and the adjacent carbon-carbon bonds are weakened; 
the total change in the energy of these bonds is about 30 kcal. Similar 
calculations for the a-naphthoxyl and j 3 -naphthoxyl radicals show that 
the effect is a perfectly general one. It is suggested, therefore, that this 
is the mode of operation of those catal3;^ts which are able to accept an 
electron from the carbon. Transition metals, which can readily change 
from an upper to a lower valency state, appear to be good examples of 
this class. 

Although the detailed comparaon of the theory with experiment has 
been discussed in the reference given above, one particular aspect might 
be emphasized here. The mobility of the A-electrons provides a means 
whereby catalysts situated at various points in the carbon lattice can 
influence events at the active sites. This point seems to be especially 
interesting in view of what Prof. H. S. Taylor, and indeed other con¬ 
tributors, have said about the way in which the catalytic effect of an 
impurity atom may spread over the surface. 

The application of this type of theory to other heterogeneous reactions 
can now easily be appreciated. The whole of the reacting system, i.e. 
the adsorbed molecules and the appropriate orbitals of the catalyst, 
should be regarded as one large molecule, and the molecular orbital 
method, or, if preferred, a valencc-bond approach, applied to it. That is 
essentially the procedure recommended by Dr. Huang and Dr. Wyllie, 
By varying the number of electrons placed in the orbitals of the reacting 
system, one may represent the effect of an alloy constituent and so deal 
with the type of situation discussed by Mr. Dowden, Dr. Eley, Prof. 
Schwab and others. It should thus be possible to combine many of the 
newer ideas in a consistent manner without undue elaboration. 

Dr. K. G. Denbigh (Cambridge) (communicated) : Under conditions 
where there are large temperature gradients over the surface, it seems 
probable that the mobility of an adsorbed layer may be appreciably en¬ 
hanced due to thermal migration. Such an effect on the surface would 
be analogous in two dimensions to the well-known thermal diffusion pro¬ 
cess in gases or to the Soret effect in liquids and solids. The isothermal 
mobihty of an adsorbed layer has, of course, already been demonstrated 
experimentally by Vohner and others. 

Consider an ideal system in which the migrating species has a certain 
low concentration c. The flow along the ;ir-axis due to the concentration 
gradient is given by 


which defines D, the diffusion coefi&cient. 
to the temperature gradient is given by 


The corresponding flux due 


- D' 


bT 


which defines D\ the coef&cient of thermal diffusion, 
along the x axis is thus given by 

bx bx 


The total flow 


The relative degree of ordinary diffusion and of thermal diffusion is de¬ 
pendent on the ratio D'/D, the Soret coefficient. The magnitude of 
this quantity is larger in condensed phases than in gases and may attain 
a value of io“*. Its sign may be either positive or negative, according 
to whether the particular species tends to move towards lower or higher 
temperature. Although D' is always much smaller than D, the actual 
magnitude of the thermal flux may exceed the magnitude of the ordinary 
diffusion if the term c . bTIbx is very much greater than befbx. 
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Turning to the case of the adsorbed layer, c is now the surface con¬ 
centration of the particular species and 'bTj'bx is the temperature gradient 
in a particular direction over the surface. If a catalytic reaction is strongly 
exothermic and takes place on localized regions it seems probable that 
there will be very steep gradients of temperature. It may occur, there¬ 
fore, that the surface mobility due to the thermal effect may exceed that 
due to the concentration gradient and may be in the reverse direction. 

Other thermal diffusion effects which are to be borne in mind in the 
discussion of non-uniform catalysts are concerned with the migration of 
lattice defects or charged species within the solid itself. In principle 
such effects could give rise to differences of electric potential, although 
it is to be doubted whether they are appreciable. 

Dr. D. M. Young (Dundee) said : 3 )r. Halsey has pointed out that al¬ 
though the B.E.T. theory has been shown to be invalid, the surface areas 
estimated by the ** point B " method appear to be remarkably satisfactory. 
He has given a number of qualitative reasons to account for this. In 
view of the importance of surface areas in catalysis, it seems worth while 
to attempt to account for the validity of the B.E.T. surface areas in a 
quantitative manner. 

The B.E.T. theory, as Halsey pointed out in is based on the 

quite untenable hypothesis that an isolated adsorbed molecule can adsorb 
a second molecule on top, yielding the full heat of liquefaction. It is 
far more likely that adsorption into the second layer takes place over 
square arrays of first layer molecules. In what follows we shall take 
essentially the B.E.T. model and insert a clause to this effect. If we 
confine our attention to the lower part of the isotherm we may neglect 
adsorption in the third and higher layers. Thus wc may write 

N=, 3PhL I ( V 

^ + ^iP I + 

where N is the number of molecules adsorbed and iV, is the number of 



« Halsey, /. Chem, Physics, 1948, 16, 931. 
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sites on the adsorbing surface. The ratio is analogous to the B.E.T. 
c constant. This equation neglects the shielding effect of the second 
layer, impeding the evaporation of first-layer molecules ; for the two cases 
to which the equation has been applied this effect has been shown to be 
negligible. I have applied the equation to a lattice of 100 sites, using an 
arbitrary value of Two values of have been considered, correfjpond- 
ing to values of the B.E.T. c constant of 50 and 100 (values of this order 
being usual for nitrogen at its boiling point). The lowest curve is the 
adsorption isotherm for the first layer; the upper curves represent the 
total adsorption for the two values of 63 chosen. These isotherms become 
linear at higher pressures, as found experimentally for a number of 
S37stems. Application of the point B ” technique gives values of the 
monolayer capacity within 3 % of the value required by the above 
equation, namely iV, =s 100. Point A, for both values of occurs at 
87 % of the theoretical monolayer capacity. These few preliminary 
results show that the addition of this one refinement to the B.E.T. theory 
causes no substantial change in the calculated value of the monolayer 
capacity (see Fig. i). 

Dr. F. G. Tompkins {Imperial College, London) {communicated) : It 
is true that some of the unreality of the B.E.T. model can be removed 
in the manner described by Dr. Young, but the experimental fact is that 
v„ is determined by a B.E.T. analysis of physical adsorption—chemi¬ 
sorption can in fact, as Dr. Beeck ’ has shown, lead to spurious values. 
In physical adsorption the distribution can rarely, if ever, be a random 
(i.e. non-equilibrium) one. The important point is that on a uniform 
surface if c is large (> 100) the ist layer is practically complete before 
2nd layer adsorption is significant.® Adsorption proceeds therefore 
virtually on an adsorbate surface with a heat not largely different from 
the heat of liquefaction of the adsorbate, and moreover the number of 
possible adsorption sites in the 2nd layer (neglecting small edge effects) 
is practically the same as on the origin^ surface. If therefore we confine 
attention to the range of />/^«<o*3, then as we have shown previously,® 
the amount in the 2nd layer is N ,. pjp^ (where N, = the number of 
adsorbent sites, p — equilibrium pressure, and p, = saturated vapour 
pressure of adsorbate) to within 10 % irrespective of whether we adopt 
B.E.T. or Huttig's evaporation conditions, whether we assume adsorption 
on square or hexagonal arrays or on single molecule sites, or whether we 
apply a “ pure " Langmuir mechanism on a covered layer. All these 
must lead to a linear portion as Dr. Young has indicated in his particular 
case. 

Dr. D. M. Young {Dundee) {communicated) : Prof. Taylor has suggested 
the use of the Hiittig equation for evaluating surface areas, since it 
describes multimolecular adsorption data over a much wider range than 
the B.E.T. equation. While this may be true for certain systems, as 
shown by the comparison of the two equations given by Ross,^® it is by 
no means general. In the accompanying diagram the results of Arnold 
for the adsorption of nitrogen and oxygen on anatase at liquid-air tem¬ 
peratures are fitted to the two equations. In this particular case the 
B.E.T. describes the results over a slightly greater range than the Hiittig 
equation. Similar comparisons using other published isotherms suggest 
that analytically there is little to choose between the two equations. 
Like Ross, we find that the Hiittig equation usually gives larger values of 
the monolayer capacity, but rarely more than 10 % higher than those 
given by the B.E.T. equation. 

’ Beeck, Advances in Catalysis, Vol. II (Academic Press). 

® Halsey, ihis Discussion. 

® Crawford and Tompkins, Trans. Faraday Soc. (in press). 

Ross, /. Physic. Chem., I 949 » 53 * 383* 

Arnold, J. Amer. Chem. Soc., 1949, 71,104. 
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Rig. 2. 

Prof. D. H. Everett {Dundee) said : I wish to mention some evidence 
which, while not conclusive, does imply that surfaces may not be as 
heterogeneous as some authors have suggested recently. The use of 
entropies of adsorption to examine surface heterogeneity has been sug¬ 
gested recently by and an independent study of the thermodynamics 
of surfaces which we have carried out shows that thermodynamic studies 
may assist in solving this problem. 

Essentially our procedure has been to use methods analogous to those 
of solution thermodynamics and to compare actual systems with a 
hypothetical ideal S3^tem. For monolayer adsorption the Langmuir 
model of a localized non-interacting monolayer seems to be the mo.st 
useful ideal reference system. For this model the partial molar entropy 

Q 

of adsorption includes a configurational term — J? In . We may 

write the partial molar entropy change (from the standard gas state to 
the surface) as 

AS = AS* - Rln -^ 

where AS* is the entropy change associated with changes in translational 
and rotational degrees of freedom of the adsorbed molecule on adsorption 
from the standard gas state, together possibly with similar changes in¬ 
duced in the atoms of the surface. 

We have analyzed data for a large number of systems and find evidence 
for a linear relation between AS* and AH, the differential heat of adsorp¬ 
tion. For adsorption on charcoal at o® C this relation is identical with 

“ HiH, /. Chem. Physics, 1949, *7, 762. 

^ Trans, Faraday Soc,, submitted for publication. 
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the Barclay-Butler relation between heats and entropies of condensation ; 
similar relations appear for the Hg-tungsten system at higher temperatures, 
and for adsorption of gases on charcoal and glass at very low temper¬ 
atures. Unfortunately in the absence of suitable published data wc have 
not been able (except for the H2 —W system) to extend our examination 
to chemisorption. 

The detailed interpretation of these heat-entropy relationships need 
not concern us at the moment, but, if we attach any significance to them, 

0 

thtir existence suggests strongly that the term — jR In- - (or somc- 

I — tf 

thing very near to it) plays a fundamental role in adsorption equilibrium 
in the systems we have studied. This term only arises when all the ad¬ 
sorption sites are of equal energy, and so have equal probability of being 
occupied. This equal probability will be upset if the surface is hetero¬ 
geneous, and some sites are much more active than others : the term 

0 

—■ R In- - will no longer appear. If interaction occurs between mole- 

I — 8 

cules so that the heat of adsorption varies with coverage on this account, 
d 

the term — R In ^ is still separable from the expression for the 

entropy.^* We believe therefore that our analysis indicates that the sur¬ 
faces we have examined are less heterogeneous (as regards variation of 
adsorption energy from site to site) than is often supposed. 

We still have to answer Halsey's objection that the variation of AH 
with 6 is too great and of the wrong form to be accounted for by inter¬ 
action forces. I believe that this reflects our ignorance of the energetics 
of surface phases, especially on metals and charcoal where the orbitals 
of the electrons in the surface may extend over considerable areas. As 
stressed by Prof. Taylor an adsorbed molecule may influence a very large 
area of surface, and the contributions of Huang and Wyllie, and of Coulson 
and Baldock, represent perhaps the first steps in a more complete theory 
of interaction between adsorbed molecules. 

Dr. A. R. Miller (Cambridge) (cmnmtmicated) : The linear relation which 
Prof. Everett has found between the experimentally determined quan¬ 
tities A 5 * and AH, as defined by him, is of interest. Essentially, this 
implies that there is a linear relation between bffbT and 'b(fIT) fb(ilT) 
where /is the partial molar free energy, that is, / is defined as bFfbO where 
F is the Helmholtz free energy of the adsorbed monolayer. This will 
be so provided / is the sum of a configurational term and an interaction 
term which depends linearly on T, 

An expression for F can be derived from the statistical theory. In 
fact 

F = 

where X - bXfbT = X, 

with X defined by eqn. (2.15) in my monograph on adsorption. It is 
very complicated, and there is no reason to suppose that it (or /) neces¬ 
sarily has the form required. It therefore appears that the observed 
linear relation is essentially empirical and apparently arises fortuitously. 

That there is such an empirical relation is, however, important. I 
agree with Prof. Everett that it suggests that the configurational term 
— R log 9 Ji — 9 ) has a fundament^ role in the adsorption equilibria 
considered; and that it lends support to the idea that each site for 
adsorption on the bare surface has the same energy. 

Fowler and Guggenheim, Statistical Thermodynamics (C.U.P., 1939), p. 441. 
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Prof. R. M. Barrer (Aberdeen) (communicated) : I wish to emphasize 
a point which is no doubt realized by those directly concerned in sorption 
studies, but which may not be appreciated by others, interested less 
closely in sorption phenomena. This is the diversity in meaning of the 
term ** heterogeneity^ " as applied to surfaces. Thus a heterogeneity 
in a sorption process based on dispersion forces may operate in the op¬ 
posite sense when sorption is due to electrostatic forces. In the figure, 
A, B and C are three possible positions a sorbed molecule 

0® 



might occupy on a rough surface. As regards dispersion forces, the 
affinity lies m the order A <B <C but for a heteropolar surface and electro¬ 
static forces the sequence in affinity tends to be A> B> C.^® 

Again, in a chemical adsorption in which the adsorbed molecule in 
any of the positions A, B or C forms a chemical bond with one atom of 
the sorbent, it does not necessarily follow that the energy of formation 
of the bond will differ essentially whether it is formed at position A, B, 
or C. One should moreover differentiate between heterogeneity in a 
heat of chemisorption and in an apparent or true energy of activation for 
chemisorption. In a research carried out some years ago^'* a considerable 
heterogeneity was observed in the apparent energy of activation for chemi¬ 
sorption of hydrogen by partially graphitic carbon. It was suggested 
that the hydrogen molecule was chemisorbed as atoms, one atom on an 
edge carbon of a graphitic lamella and the other on an edge carbon of a 
second lamella just above or below the first. In parti^ly crystalline 
carbon there is some disorder in the stacking of graphitic lamellae and 
variability in inter-laminar spacing, responsible for variations in energy 
of activation. But there seems no reason in such a case for the ovei^ 
heat of chemisorption to differ. Indeed this heat was as nearly as could 
be ascertained constant. Both in kinetic and equilibrium studies there¬ 
fore some care must be taken to define the sense in which the term 
** heterogeneity ** is employed. 

Dr. G. D. Halsey, Jr. (Harvard) said ; The current emphasis on the 
role of surface impurities and surface heterogeneity, coupled with the 
realization that the adsorption on such surfaces may be far from equili¬ 
brium indicates that extreme caution is required in making theoretical 
calculations. The possibility of calculating configuration energy and 
rates from first principles seems remote indeed. Even the use of semi- 
empirical theories must wait for the complete formulation of mechanism. 
Thus, the comparison of catalytic activity and lattice parameter can be 
done only if one assumes identical mechanisms, or else isolates the step 
involved. We may recall that the (homogeneous) decomposition of 
NjOs was attacked with most sophisticated theories, only to find, as Ogg 
has pointed out, that it proceeds by a complex mechanism. 

Prof. G. M. Schwab (Athens) said : A treatment of catalytic kinetics 
with a rearrangement velocity not small compared with desorption 
velocities can also be given in terms of the usual Langmuir-Hinshelwood 
formalism, using Bodenstein’s principle of stationary intermediate con¬ 
centrations. For the simple sequence : 

1 4 

Agas - AaOs. —-“>■ Bads. -- Bgas, 

2^6 


this leads to 


- dP^ ^ 4- dPB __ __ 


“E.g. de Boer, Electron Emission and Adsorption Phenomena (C.U.P.), p. 48. 
Barrer, Proc, Roy. Soc. A, 1935, 149, 253. 
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Assuming Ag ^4, A2, this reduces to the usual expression for the rate¬ 
determining rearrangement, 

_ ^a^A-^A _ 

I + 2>a-Pa + 

and assuming desorption to be rate-determining (A4"<^ A3, A a) to 

_ ^4^a-Pa _ 

+ A4/A3 -f- k^jk^ 

The apparent reaction orders are about the same (< i for A and > — i 
for B) in the limiting and the intermediate cases. For inhomogeneous 
surfaces, instead of Ag, A3, A4 integral mean values according to eneigy 
distribution functions must be introduced. The most active centres 
•wiU have increased A3 and diminished A a and A4, which shows (as As always 
occurs as an addendum to desorption constants) that a certain com¬ 
pensation takes place, the reaction order depending on heteiogeneity 
much less than the actual velocity. It is probably because of this com¬ 
pensation that the simple Constable treatment (A = A®. exp (qlh)) is 
approximately true, although the change in the rate determining process 
has been neglected. 

Dr. G. H. Twigg {Epsom) {conummicaUd) : In consideiing the hydro¬ 
genation of ethylene. Prof. Laidlcr states that the zero order with respect 
to ethylene may be due to measurements having been made in the neigh¬ 
bourhood of the maximum, i.e. that an insufficient range of conditions 
has been covered. This is not so, however. The zero order is found 
over the temperature range —80° C to +150® C, and with any reasonable 
value for the heat of adsorption, a change in kinetics would have been 
evident. 

The simple Langmuir-Hinshelwood mechanism for the hydrogenation 
of ethylene can be excluded by the following argument. If adsorption 
equilibrium is established, as assumed by this theory, and reaction occurs 
between adsorbed ethylene and an adsorbed hydrogen atom, the rate 
of reaction can be expressed as 

Rate = k'lp’^p]^ = Ao^i^a» 

where p^ and p^ are the pressures of ethylene and hydrogen and and 
^a are the fractions of the sun ace covered by ethylene and hydrogen. It 
is a simple deduction from the theory that 

« = I — 2^1 
w == J(i — 262 ), 

Now, since the ortho-para hydrogen conversion is inhibited during hydro¬ 
genation, we know that is very close to unity, so that the order of 
reaction with respect to ethylene should be — 1. That this is not so is 
evidence either that the two gases do not compete for the same surface 
(Laidler’s mechanisms (2) and {3)) or that adsorption equilibrium is not 
maintained in the way envisaged by the Langmuir-Hinshelwood scheme. 
The latter is now thought to be correct.^’^ 

Prof. G.-M. Schwab (Atkens) said: As pointed out by Laidler and 
previously by Hinshelwood, the Langmuir-Hinshelwood mechanism for 
a bimolecular surface reaction predicts a denominator in the velocity 
expression of the form (i + provided both reactants are adsorbed 

on the same kind of sites. This leads to a maximum velocity at an optimal 
pressure <l>c„. Besides enzyme reactions (wherein the maximum is mostly 
to be explained by a self-displacement of the reactant due to adsorption 
of two molecules on one site ^®), the only clear example of this maximum 
is Hmshelwood’s reaction, COa -f- Ha CO -j- HjO over platinum. 

Twigg, this Discussion. 

Schwab, Bamaim, Laeverenz, Z. physiol, Chem,, 1933, 215, 121. 
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However, we showed that under pure conditions (freezing out water 
vapour rather than absorbing it in sulphuric acid) the maximum disappears. 
Thus, it has been concluded ^ that the square term in the denominator 
docs not generally occur. This can be explained either by a Rideal 
mechanism, or by an adsorption on adjacent sites of the reactants. Both 
possibilities have been formulated by myself and Pietsch in 1928.In 
ethylene hydrogenation we preferred the second possibility. We had 
observed*® that the maximum is definitely absent; the decrease ot velo¬ 
city at high ethylene concentrations is an almost irreversible ptiisoning 
and not due to reversible adsorption. We already concluded from a 
classical kinetic treatment that a distinction of mechanisms from fre¬ 
quency factors will hardly be possible, at least as long as detailed know¬ 
ledge of the absolute active surface and ot the degrees of freedom ol the 
adsorbed molecules is lacking. 

Dr. G. H. Twigg {Epsom) said: I am very interested in the results 
which Turkevich et al. have obtained on the reactions between ethylene 
and deuterium. The ability to analyze the individual hydrocarbons 
should add greatly to our knowledge. The result that light ethane is an 
early product of the reaction of ethylene and deuterium at 90° C is in 
agreement with some results that Rideal and I obtained on tliis reaction.^* 
We found that up to ca, 150° C the hydrogen that was returned to the 
gas phase from the catalyst was largely Ha. This is due to the fact that 
on the catalyst there is a fast reaction : 

CHaD 

CHj—CPI, D -«■ (1 h, CH,—CHD H 

I I I I - I I I 

Ni Ni Ni Ni Ni Ni Ni 

which exchanges the adsorbed hydrogen atoms with those in the ethylene. 
The exchange reaction is not controlled by this reaction, but by the 
return of the adsorbed hydrogen to the gas phase so that the hydrogen 
present on the catalyst is mostly H, and the ethane produced by the 
addition of this hydrogen is correspondingly largely CaHe. 

Prof. K. J. Laidler (Washington) {commximcated) : It is evident from 
the divergent views expressed by Twigg, Schwab and myself that there 
is still need for a great deal of further evidence with regard to the important 
matter ot whether the rates of certain reactions fall off at higher pressures. 
For the ethylene-hydrogen reaction, Pease found that there was such 
a fallmg-off on copper. Since at these high pressures the general evidence 
is that desorption occurs more readily than at lower pressures, it does not 
seem likely that the irreversible effects referred to by Schwab can be oc¬ 
curring here. It therefore seems to be more likely that the falling-ofi in 
this system is due to the necessity for the reacting molecules to be ad¬ 
sorbed side by side. 

The fact, stated by Twigg, that the reaction remains of zero-order 
with respect to ethylene over a wide range of temperatures is not con¬ 
vincing evidence that there is no falling-off at higher pressures. The 
ethylene pressure at the maximum has been seen to be equal to x/K, 
where K is the equilibrium constant for the adsorption of ethylene. Now 
K varies with temperature largely as esi^T^ where q is the heat of ad¬ 
sorption. If q is quite small, as is the case when the surface is fairly 
fully covered,** is it clear that K may vary very little with temperature. 

Schwab and Naicker, Z. Elekirochem.t 1936, 42, 670, 

** Schwab, Advances in Catalysis, 1950, vol. 2. 

** Schwab and Pietsch, Z. physik. Chem. B, 1929, i, 385. 

** Schwab and Zom, ib%d., 1936, 32, 169. 

** Schwab and Drikos, ibid,, 1942, 52, 234 and ref. (3). 

Twigg and Rideal, Proo. Boy, Soc, A, 1939, 171, 55. 

*» Pease, J, Amer, Chem, Soc., 1923, 45, 1196. 

*• Rideal and Trapnell, this Discussion. 
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Consequently the position of the maximum may vary only very slightly 
over a wide range of temperatures, so that zero-order kinetics will be found 
over such a range. 

An example of just this type of behaviour is to be found in the results 
of some work now being done by Pirof. J. Weber and myself at the U.S. 
Naval Ordnance Laboratory. The system being studied is the ammonia- 
deuterium exchange on an activated iron catalyst. As the ammonia 
concentration is increased the rate of this reaction goes through a 
maximum, the falling-ofi at higher pressures being due to a reversible 
adsorption of ammonia. The position of the maximum varies only very 
slightly with the temperature so that rate measurements at a pressure 
corresponding to the maximum would give zero-order kinetics over a 
wide range of temperatures, and on the basis of Twigg's argument would 
have been interpreted as indicating no falling-ofE at higher pressures. 

Prof. G.-M. Schwab {Athens) said: Using the same mechanism for the 
ethylene hydrogenation as that proposed by Eyring, we evaluated from 
our kinetic data on Raney cataljTsts the adsorption energies of hydrogen 
and ethylene and calculated a true '' activation energy for the transi¬ 
tion of adsorbed ethylene and adsorbed hydrogen to adsorbed ethane of 
about 22 kcal. on the assumption that the directly observed values around 
10*7 kcal. are lowered by the adsorption energy of hydrogen. This 
result agrees with Maxted's figures for a series of other hydrogenation 
reactions. It would be of interest to examine whether the author's treat¬ 
ment also accounts for the most general result of a temperature optimum 
of the hydrogenation velocity. 

Dr. G. Wyllie {Bristol) {communicated) : It may be profitable to take 
the consideration of the adsorption of hydrogen and oxygen on tungsten 
a little further. Examination of the results quoted by Miller for the 
accommodation coefficient of neon on tungsten surfaces bearing adsorbed 
oxygen shows that an increase in the accommodation coefficient by 0*05 
is on the accepted interpretation ascribed to the adsorption of oxygen 
at sites occup3?lng 0‘08 of the surface. This requires, on the simple sup¬ 
position that meaning may be attached to the accommodation coefficient 
at a site, that the coefficient at these sites should rise to about 0*7. But 
its value for a complete second layer of oxygen is only 0*36. It seems more 
natural to describe the observed increase in terms of a smaller increment 
over something approaching quarter of the total surface, and there seems 
then to be a possible analogy with the results obtained by Rideal and 
TrapneU for the chemisorption of hydrogen on tungsten. 

An effect which may be expected to be common to all monatomic 
chemisorbed films on a metal surface is a tendency at high film densities 
to adopt a configuration which continues the lattice structure of the 
metal. The principal reason for this is that the electrons of the partially 
covalent chemisorption bonds obey the Pauli exclusion principle, and the 
forces involved are precisely analogous to those which tend to maintain 
a constant bond angle in e.g. the water molecule. In the adsorbed film, 
the effect would be expected to appear as a short-range many-body inter¬ 
action among the adsorbed atoms. It will not be very easy to estimate 
it theoretically, but it seems clear that it will be more important the greater 
the extent to which p and (i-orbitals of the metal atoms partake in the 
chemisorption bond. 

However, on the (no) surface of a body-centred cubic crystal, a 
position at which an adsorbed atom would continue the crystal lattice 
is co-ordinated with only two nearest neighbours in the plane below it, 
but with four in its own plane. In a film of low density, on the other hand, 
it is more likely that an adsorbed atom will find a position equidistant 
from three nearest neighbours in the metal surface. If the interaction 
described in the last paragraph is important, as indeed it must be inside 


Schwab and Zom, Z, physik. Chem, B, 1932, 19, 169. 
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the metal to force it into the body-centred cubic rather than a close- 
packed structure, then at some density there will occur an allotropic 
change in the film, the energy of which will be reflected in a drop in the 
heat of adsorption with increasing 6 . 

If in the experiments ol Robeits and Trapnell an important fraction 
()1 the metal surface lay in (no) planes, the results might bear an inter¬ 
pretation on these lines. As Johnson lias .shown that appropriate treat¬ 
ment can develop the (loo) faces ol tungsten, on which the geometrical 
eliect should not ap])ear, some ex]x>rimental check should be possible. 

Dr. J. G. M. Bremner (Bilhnghaw) {communicated) : J)r. Miller men¬ 
tions various conclusions that can be drawn from the woik of Roberts 
but it has now been shown that a reassessment of much ol this work 
is necessary. Roberts' object m introducing the flaslimg procedure was 
to free the surface of the wire from impurities. He found this procedure 
reduced the heat loss Irom a tungsten wire immersed in a gas at low 
pressure and accounted for this reduction by a fall in the accommodation 
coefficient. That this interpretation is incorrect has been shown in a 
number of ways. Thus, as the effect produced by flashing is found to be 
independent of the temperature at which measurements are carried out, 
the reduction in accommodation coefficient is apparently greatest when 
the wire temperature approaches that of the gas. Measurements made 
at 5® above the gas temperature will, in consequence, respond to the 
Roberts treatment very much more than when working with an incre¬ 
ment of 50®. The eftect is, moreover, more apparent as the gas pressure 
is lowered and, indeed, at a given time interval after flashing, is greatest 
when working in vacuo. That the Roberts effect is due mainly to the 
warming of the internals of the vessel in which the wire is mounted is 
shown by the nature of its dependence on the duration and temperature 
of flashing, its increase on platinizing the walls of the vessel and also 
by its duplication on flashing a similar wire adjacent to the one under 
examination. 

Mr. A. E. J. Eggleton and Dr. F. G. Tompkins {Imperial College, 
London) {communicated) : We are unable to agree with Dr. Bremner 
" that a reassessment of much of (Roberts') work is necessary ". We 



Fig, 3. 

I. —Cooling curve of tungsten wire after flashing to 2300“ C for i minute, 

II. —Cooling cuive of experimental wire after flashing auxiliary wire to 

2300° C for 15 min. 

Bremner, Proc. Roy. Soc. A (in press). 
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have measured the accommodation coefficient a using a W wire (0*07 mm. 
diam., 19 cm. long) in neon circulating at a pressure of 0*1 mm. Hg 111 
an apparatus identical in design with that of Roberts. The wire ^vas 
flashed at 2300® C for i min. and the resistance then measured using a 
small current of 2mA. Fig. 3 (T) gives a typical curve ; after 8 min. the 
resistance is constant and within 0*02 % of its original value. In measure¬ 
ments a current of 20 niA was used in order to maintain the wire at ca, 
20® above that of its surroundings; there is then a slow drilt consistent 
with increasing contamination of the surface and a obtained 30 min. 
after flashing without extrapolation to zero time is still below o'l. Vari¬ 
ation of time of flashing and change in temperature excess of the wire 
over its surroundings had no effect on a values obtained using Roberts' 
extrapolation method (see Table I). This is consistent with the conclusion 
that the drift is due to contamination (Roberts) but not in accord with 
the non-attainment of thermal equilibrium (Bremner). 

TABLE I 


Expt. No. .... 

5 

6 

9 

12 

Excess temp. (°C) of wire a = o*i 

27*0 

36*0 

i6*7 

i 8 *o 

Extrapolated value of a . 

0*059 

0*057 

0*051 

0*055 


Dr. Bremner kmdly sent us details of his work mentioned in his remarks. 
In later experiments we used a central iron wire in a tube containing two 
auxiliary W wires which were flashed at 2300® C for 15 min. As shown 
m Fig. 3 (II) the resistance returns to its former value within 5 min. 
Using a contaminated iron wre, which had been maintained previously 
at 1200® C for considerable periods and had given an evaporated iron film 
on the walls of the tube, we again find that there is attainment of thermal 
equilibrium within 5 min. and moreover there is no drift at all. This 
result would be expected if Roberts' explanation were correct. 

We are forced, therefore, to the conclusions (i) that Roberts' value of 
o*o6 for a is a true one, (ii) that his flashing procedure did clean his W wire, 
and (iii) that the drift is due to contamination. We are also equally con¬ 
vinced that Dr. Bremner's explanation of his own results in his apparatus 
of different design from that of Roberts is also correct. 

Dr. O. Beeck {Emeryville, California) said: Dr. Miller quotes oui values 
of the heat of adsorption of hydrogen on nickel as an example for an 
immobile film, while we quote the same values as indicative of a mobile 
film. This apparent discrepancy should be clarified. WMle Dr. Miller 
is correct that curves of this nature will result if molecules hit a plain 
surface randomly from the gas phase, this type of curve is not to be ex¬ 
pected for porous evaporated films, whose surface is entirely internal 
and can only be reached through pores from the outside of the film. 
Under these conditions a curve, showing a decrease of heat of adsorption 
with fraction of surface covered, can only result if the adsorbed atoms 
are mobile, as discussed in the pai)er by Beeck, Cole and Wheeler,®® where 
further references are quoted. 

Prof. J. H. de Boer {Geleen and Delft) said: The question whether ad¬ 
sorbed molecules are attached to localized sites or whether the surface spaces 
which they occupy are only governed by their mutual forces and their 
two-dimensional kinetic movements as a two-dimensional gas which 
condenses to a two-dimensional condensed phase, is of some importance 
for the estimation of surface areas by the B.E.T. method. In addition 
to the experimental evidence for localized sites in some cases, as mentioned 
by Dr. Miller, viz. the experiments of Crawford and Tompkins, I would 
like to mention that some 20 years ago I was studying the adsorption of 


®* This Discussion. 
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various molecules on films of inorganic salts, obtained by evaporation m 
high vacuum. The surface area was measured by a surface reaction 
with alizarin and—^to mention the case of CaFa films—^was about 240 m.^/g. 
Water molecules and atoms of hydrogen occupied one crystallographic 
site, when adsorbed in a unimolccular layer, iodine molecules occupied 
two sites, /)-nitrophenol four sites. 3 ® 

These molecules, though bound to definite sites, are nevertheless 
quite mobile over the surface and form two-dimensional condensed states 
which may act as a now surface for multimolocular adsorption. As, liow- 
ever, the mutual distances differ from those in the li<iuid, one may not 
expect the heat of adsorption of the 2nd and higher layers to be equal 
to the heat of liquefaction. This conception leads to a slight alteration 
of the B.E.T. equation, mainly to the effect that the saturation pressure 
po has to be replaced by a, mostly somewhat higher, pressure q. This 
exp'ains why in practical cases the adsorption isotherm does not approach 
the axis pjp^ = i asymptotically, but intersects it at a definite point. 
I hope to publish the consequences of this and other views shortly in a 
new book. 

Although the upper part of the isotherm is highly effected by this 
behaviour, the lower part is not and one can still use the method for an 
estimation of surface areas, provided one docs not claim a too high degree 
of accuracy. 

We have compared the B.E.T. method with another method, based 
on the adsorption ot fatty acids from pentane solutions. The adsorption 
of fatty acids can easily be \\orked out as a micro-method, when one 
estimates the change in concentrations of the fatty acid by spreading 
on water. Pentane or another saturated aliphatic hydrocarbon have to 
be used as solvents. Benzene is not allowed because of its own adsorption. 
Details of the method will be published later.® ^ 

The smooth character of the isothc rms, experimentally found in most 
practical cases, point to a heterogeneous character of most surfaces for 
physical adsorption. On a homogeneous surface step-wise adsorption 
would occur rather than adsorption showing a smooth isotherm. Ab¬ 
sorption spectra of adsorbed molecules point in the same direction. The 
fall of adsorption energies with increasing degree of occupation can 
partially be understood in this way. 

In adsorption of atoms or molecules on metal surfaces, however, one 
may expect a decrease of the heat of adsorption, even on smooth surfaces, 
if the formation of positive or negative 10ns plays a role. These ions 
decrease or increase the work function and therefore lower the heat of 
adsorption for further atoms. This is experimentally known from photo¬ 
electric and thermionic measurements.*® 

Even if the bond of the adsorbed atom with the metal is mainly of 
homopolar or of metallic character, there is, nevertheless, a small dipole 
moment left which alters the work function gradually when the degree 
of occupation increases, 

Mr. R. S. Bradley {Leeds) {communicated ): In support of Prof, de 
Boer’s contention that the B.E.T. adsorption isotherm should become 
asymptotic at pressures greater than the saturation value, we have the 
fact that supersatirrated vapours may be kept in vessels on the walls of 
which there must be a multimolecidar layer, and yet condensation to 
bulk liquid does not occur. 

Dr. C. KembaU {Cambridge) said: Dr. de Bniijn mentioned that the 
existence of the methane fm^ents CH, GHj, CH^ found by Wright 

®® A survey of these studies can be found in J. H. de Boer, Electron Emission 
and Adsorption Phenomena (Cambridge, 1935). 

»iC. M. M. Houben, Thesis (Delft). 

** J. H. de Boer, Electron Emission and Adsorption Phenomena (Cambridge, 

1935). 
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and Taylor in the chemisorption of methane on nickel and also of the 
radicals N, NH and found by Taylor and McGeer in the adsorption 
of ammonia on an iron catalyst indicated inhomogeneity of the surface. 
It is important to emphasize that it is the way the radicals behave on 
change of temperature which may indicate heterogeneity of the surface 
but that their existence is mainly controlled by the composition of gas 
mixture admitted to the surface. Methane admitted to a nickel surface 
will yield a larger proportion of carbon atoms and CH radicals on the 
surface than if a mixture of hydrogen and methane is used. An example 
of this type was given by the study of the rupture of the C—C bond of 
ethane on a nickel catalyst both in the presence and the absence of hydro¬ 
gen.®* The results indicated that the slow step was the rupture of the 
C—C bond of adsorbed ethylene which is formed by the dissociative 
adsorption of ethane : 

CgHe ;z:! CaHj H ;Z!: H CHji—CHa H 

The presence of hydrogen tended to shift the equilibrium to the left and 
in fact the rate of decomposition depended inversely on the 1*3 power 
of the hydrogen pressure. In the absence of hydrogen small amounts of 
ethane decomposed quantitatively according to the equation : 

2CaHe -> 3CH4 + C, 

and this implied that a large number of radicals must have existed on 
the surface during the reaction. It was found that the adsorbed carbon 
could be removed quantitatively by hydrogen : 

C + sH* CH*. 

These results indicated that a large variety of radicals can exist on the 
same catalyst surface but that the proportion of the different types de¬ 
pended markedly on the composition of the gas admitted. 

Dr, H. de Bruijn [Geleen, Netherlands) [communicated) : I quite agree 
with Dr. Kemball that the occurrence of different fragments of adsorbed 
molecules on the surface of a catalyst as such is no proof of inhomogeneity 
of the surface. In my pap^r I probably mentioned the experiments of 
Wright and Taylor too briefly. They found on hydrogenation of the 
fragments with deuterium that each of the species required a specific 
temperature. The equilibrium which exists between the different species 
on a homogeneous sur ace is disturbed as soon as one of the species is 
hydrogenated. On a inhomogeneous surface, however, the amount of 
the other species will not be altered unless one chooses a higher tem¬ 
perature. This is what Wright and Taylor actually found. Apart from 
this, the strongest argument for inhomogeneity remains the result ob¬ 
tained by Emmett and Kummer in their experiments on the adsorption 
and desorption of labelled carbon monoxide on iron catalysts. 

Dr. A. F. H. Ward (Manchester) said : The question has been raised 
of the extent to which it may be necessary to attribute to active centres 
an important influence in catalysis. It would appear that a decision on 
this matter could be reached by a study of catalytic reactions on liquid 
metal surfaces. Many years ago, Williams ^ attempted to catalyze the 
reduction of nitrobenzene to aniline on a liquid tin surface. He was 
unable to detect any reaction, although the oxides of tin catalyzed the 
reaction readily. One might, of course, expect some difficulty in ob¬ 
serving catalysis on a liquid surface on account of the much smaller area. 
However, it seems important to establish whether catalysis will take place 

*® Wright and Taylor, Can, J. Res., 1949, ay, 303. 

Taylor and McGeer (Princeton Univ., 1949). 

®* Kemball and Taylor, /. Amer. Chem. Soc., 1947, 70, 345. 
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at all on a liquid surface, and if so, to study kinetics on such surfaces in 
the detail that has been used with solid surfaces. If, in a comparison 
with equal areas of solid and liquid surfaces the latter gives a smaller 
(or zero) rate of reaction, it would imply that the catalysis must be at¬ 
tributed to some property characteristic of the solid state, not shown 
by the liquid, and not merely dependent on the type of metal used. This 
method of approach should allow a discrimination between the effects of 
non-uniformity of the surface and interaction between adsorbed mole¬ 
cules. 


II. ADSORPTION AND CATALYSIS ON METALS 

INTRODUCTORY PAPER (i) 

By Eric K. Rideal 

We are indebted to our Spiers Memorial Lecturer, Dean H. S. Taylor, 
for the clear recognition that on a metallic surface gas adsorption may 
take place by two distinct methods—^by the operation of the dispersive 
forces giving physical adsorption and by means of an electron switch by 
which a heteropolar or covalent bond is formed between adsorbent and 
adsorbate. 

It is nevertheless a matter of some difficulty to identify in any par¬ 
ticular case which t3rpe of adsorption is operating. In very many cases 
slow activated processes ascribed to the operation of chemical adsorption 
have been found to be due to the process of solution in the sub¬ 
strate requiring marked energies of activation. Again slow surface 
reactions have been found involving displacement and replacement of 
one chemisorbed species by another. The two general methods of pre¬ 
paring unquestionably clean metal surfaces for these studies are by utiliz¬ 
ing a wire or ribbon capable of being cleaned by flashing and by deposition 
of metallic mirrors. 

In the former case the surface areas are small and the building-up 
of surface phases is best followed by indirect means such as by observing 
changes in the accommodation coef&cient of a rare gas, the thermionic 
or photoelectric work functions or even by electric capacity measurements. 
On mirrors the specific surfaces can be made large enough to permit of 
direct volumetric measurement of the adsorption very accurately up to 
pressures of about io“^mm. Hg, In chemisorption we have evidence that 
complex molecules are frequently broken down to form surface compounds 
of simpler constitution, e.g. molecular hydrogen to fonn surface hydrides, 
which can be detected by the ortho-para hydrogen conversion or by ex¬ 
change with deuterium. These methods unfortunately do not permit 
us to find out how far a hydrogen-containing complex molecule undergoes 
surface decomposition in chemisorption, o.g. in the chemisorption of 
ammonia, whether a nitride, imide or amine is the residue. Therefore, 
attempts have been made to identify these residues by indirect means, 
e.g. by chemical attack by another gas or by direct volatilization into a 
mass spectrometer. 

Chemical reaction may proceed by interaction between two different 
chemisorbed species, or between a chemisorbed species and a physically 
adsorbed molecule, or by collision from the gas phase with a chemisorbed 
species. Energetically at first sight the latter processes seem preferable 
to the former, since reaction schemes can be set up in which bond exchange, 
i.e. a chemical for a physical, alone is involved with no rupture of primary 
bonds leaving an unsaturated metal atom but the first operation may take 
place if a fresh molecule of reactant displaces one of the chemisorbed re¬ 
acting species to react with its neighbour. 
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It is usual to differentiate between chemisorption and physical ad¬ 
sorption by the high heat of adsorption involved in the former process, 
but it must be noted that in those cases which have been examined over 
a sufficient range the Ai? — 6 curve for chemisorption falls as the 
surface becomes more closely packed. By some this has been attributed 
to surface heterogeneity. This involves the assumption of surface mobility 
so that redistribution can take place within the experimental time period. 
In many cases this does not appear to occur. Even if surface mobility 
occurs at high temperatures the fall in the AH — d curve is noted even 
at very low temperatures. 

This fall may be accounted for by assuming a progressive weakening of 
the bond strength between substrate and ad-atom or ad-radical as the 
surface fills up. If this bond is heteropolar then the dipole moment of 
the bond will change and the mutual interactions, i.e. the repulsive forces 
between the ad-atoms or ad-radicals likewise change. 

I can quote the following data that Bosworth and I obtained for the 
spreading pressures, i.e. the two-dimensional osmotic pressures for potas¬ 
sium chemisorbed on tungsten in comparison with formic acid physically 
adsorbed on mercury. 


e 

Molecules^j. cm. 


F (dynes/cm.) 


Kon W 


HCOOH on Hg 


0*5 

1*0 

2*0 

4-0 


9 

22 

70 

190 


9 

16 

28 

48 


We note how great a contribution the dipole repulsion makes to the 
spreading pressure eis the surface packing increases. 

At the same time the apparent adhesion to the tungsten decreases as 
the surface packing increases. This is reflected in a lowering of the heat 
of adsorption and an increase in the rate of evaporation—^in fact the loga¬ 
rithm of the rate changes linearly with the heat of adsorption. The 
weakening of the bond is reflected in a decrease in the apparent dipole 
moment of the ad-atom. I cite some values of Langmuir for caesium 
on tungsten: 

0 ft X 10^® e.s.u. 

o i6*i6 

0*5 8*28 

0'9 6'o6 

It is clear that as the composition of the electric double layer at the surface 
of the metal changes mth increasing or decreasing adsorption the work 
involved in the transition of an electron from the internal levels to the 
double layer or vice-versa, likewise changes. Atomic spacing, the electron 
work function and the electron levels in the metal are thus three factors 
playing a part. These considerations imply that the heat of adsorption 
may fall to such low values as 6 increases that {a) surface mobility may set 
in at some value of B, (d) 6 may never obtain the value ^ = i even at 
relatively high pressures, (c) physical adsorption may set in before 
6=1 and a mixed film will result, e.g. an ortho-para hydrogen conversion 
in the Bonhoeffer-Farkas scheme. If at some value of 6 the bond strength 
to the substrate may be so weakened that some ad-atoms may rise to a 
mobile level, migration and chemical action may then occur. The 
mechanism of the chemical catalytic action may thus change between 
small and large values of B. 

D 
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The evidence for the hydrogen-deuterium exchange in olefines 
taking place through the medium of the half-hydrogenated state or the 
organic alkyl metallic radical complex seems to be fairly convincing, 
whether the latter is produced by some mechanics of one of the following 
types : 


CaH4 + MD M . CaHs or -j- D or 

/ \ I / \ : 

M M M M M M 
(i) (ii) (iii) 

or not. It is certain that hydrogenation of a double bond does not go 
via the same path. Evidence is presented that gaseous ethylene can re¬ 
move chemisorbed hydrogen to form ethane and that chemisorbed ethylene 
can, like other hydrogen-containing molecules, break down further on 
chemisorption. In reactions involving hydrogenation of double bonds 
the interatomic spacing of the catalyst on the various crystal facets plays 
a dominant role in the catalytic process. However, in ring closure and 
in the hydrogenation and dehydrogenation of aromatic substances we 
believe that it is the double bond that is attacked by two-point contact 
through the medium of the tt electrons. This at once raises the issue 
whether there are two mechanisms for the hydrogenation of ethylene, 
the removal of two chemisorbed hydrogen atoms suitably spaced by 
gaseous or van dcr Waals’ adsorbed ethylene or the addition of van der 
Waals’ hydrogen to chemisorbed ethylene. 

We must note that on the catalytically active facets of cr3rstalline 
catal3d:ic metals the spacing is suitable for two-point contact, 

i.e, CHa—CHg. 

/ \ 

M M 

The change in carbon-carbon spacing to yield surface acetylenic complexes 
would not take place readily in these facets but on other crystal facets 
acetylenic compounds can be retained with ease and it is possible that 
these facets only are responsible for the dehydrogenation of ethylene. 
The fact that ring closure also takes place through double-bond two-point 
contact likewise supports the view that olefine hydrogenation involves 
the chemisorption of the olefine. The fact that AH varies with d suggests 
that the bonding energy to the substrate is a function of the surface 
covered we should thus anticipate that the energies of activation for 
catal5rtic processes which involve simple electron transfer reactions should 
be related to the electron work function provided that the relative changes 
in the bonding energies due to the degree of packing are identical for the 
cases under consideration. This seems to be the case for the follovring 
in which Wansbrough-Jones and I found the following values :— 




E volts 

4 > 

4 ^-E 

Oxidation of NHa . 

Pt 

2-74 

6*35 

3*6i 


W 

0-87 

4-48 

3*6i 


C 

0*52 

4-31 

3-79 

Decomposition of NHj on 

Pt 

3*5 

6-35 

2’85 


w 

1*7 

4-48 

2*78 


Mo 

1.39 

4-36 

2-97 



ERIC K. RIDEAL 


99 

In conclusion I might again draw attention to the valuable information 
to be gained in exploring the mechanism of gas adsorption and hetero¬ 
geneous catalysis on metals by a comparison with the thermionic and 
photoelectric behaviour of these metals when monolayers are present on 
their surfaces. 

Davy-Faraday Laboratories, 

The Royal Institution, 

Albemarle St, W. i. 


INTRODUCTORY PAPER (ii) 

By D. D. Eley 

With one exception, the papers in this section deal with the activation 
of hydrogen and particularly the hydrogenation of ethylene. I shall 
first consider them from the viewpoint of reaction path, starting with 
the simple case of adsorption. I shall then discuss the factors underlying 
the fimdamental mechanism of catalysis, i.e. electronic and lattice spacing 
factors. Thus the various papers may be referred to more than once 
under each heading, and where necessary, reference will be made to papers 
in other sections. 

Chemisorption of Gases on Metals.—Roberts established that the 
surface of a tungsten wire cleaned by flashing at 2500® K in vacuo, 
chemisorbed hydrogen, ^ oxygen ^ or nitrogen * with immeasurably fast 
velocity even at — 183*6. The heats of adsorption on the bare surface 
(6 = o) are 45,^ 139 ^ and 28 ® kcal./mole gas respectively, and the in- 
^cations are that one atom occupied one metal site. Many of the results 
gained further support from the contact potential work of Bosworth and 
Rideal.** * Roberts found the heats of adsorption (in particular he studied 
Hg—^W) fell ofi with surface covering. He indicated that certain cases of 
slow adsorption of gases on metals may result from displacement of im¬ 
purities. Dr. Beeck® has confirmed these results in all essential respects, 
with evaporated metal films of area 10® times that of a wire, and in addi¬ 
tion extended them to other gases, such as ethylene, and numerous other 
metals. The only case where a true slow adsorption is known to exist 
is nitrogen on iron, where the activation energy is doubtless associated 
with the rupture or partial rupture of the triple bond.'^ We had also 
confirmed many of Roberts’ results on tungsten by using the para-ortho 
hydrogen conversion to detect adsorbed films and by the use of evaporated 
films of the metal.®» ® There are good grounds for believing that the chemi¬ 
sorbed atoms are held by largely covalent bonds. The study of contact 
potentials, and the new calculations of heat of chemisorption presented 
at this Discussion,^® establish this view beyond much doubt. Thus the 
primary chemisorbed layer of atoms is understood in general, though many 
points of detail await further experimental work. In the potential energy 
diagram given by Lennard-Jones, the height of the energy hill between 

1 Roberts, Proc, Roy. Soc. A, 1935, 153, 445 ; Some Problems in Adsorption 
(London, 1939)* * Roberts, Nature, 1936, 137, 659. 

* Bosworth and Rideal, Pkysica, 1937, 4 # 925. 

* Bosworth and Rideal, Proc. Roy. Soc. A, 1937, i. 

® Bosworth, Proc. Camh. Phil. Soc., 1937, 33, 394. 

* Beeck, this Discussion. 

’ Beeck, Cole and Wheeler, this Discussion, 

® Eley and Rideal, Proc. Roy. Soc. A, 1941, 178, 429, 

»Eley, ibid., 1941, 178, 452. w Eley, this Discussion. 

Lennard-Jones, Trans. Faraday Soc., 1932, 38, 333. 
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van der Waals' and chemisorption is i kcal. or less when approached from 
the " gaseous ” side. The paper ol Rideal and Trapnell,^^ however, 
raises the point that Roberts was concerned only with 70 % of the surface. 
According to them, the heat of chemisorption on the last 30 % falls rapidly 
from 14 kcal. to 3 kcal. and this hydrogen is easily pumped off. Couper 
and I can confirm that easily removable hydrogen is present at ordinary 
pressures, and indeed the effect is mentioned in the first paper by Bceck.^® 
The tiindamcntal question for the discussion may well be how far this 
hydrogen is held in a second layer. Mignolet has shown how the primary 
hydrogen layer on nickel has a negative contact potential, but that after¬ 
wards a second weakly bound layer is formed with a positive contact 
potential. Since Xe—Ni also has a positive contact potential, we may 
assume this hydrogen in the second layer is also held by van der Waals' 
forces. If so, the heats of adsorption are rather larger than those usually 
attributed to this kind of adsorption ; but we should not reject the 
hypothesis out of hand on this account in the absence of further theoretical 
work on the subject. 

Besides forming van der Waals* and chemisorbed layers, hydrogen 
may penetrate the lattice, giving true solutions such as those examined 
by Sieverts, or being held on intercr3rstalline boundaries. Long ago this 
was suggested as a mechanism for activated adsorption and &eck*s 
work on sintering nickel films supports this most strongly.From the 
catalysis point of view, dissolved hydrogen may poison the catalyst as 
G)uper and Eley have shown for the parahydrogen conversion on palla¬ 
dium. Quite a number of cases of poisoning found in the literature may 
be tentatively ascribed to this effect. 

The paper by Eucken describes results on the adsorption of hydrogen 
on nickel powder, the pre-treatment of which is not stated. Eucken 
gives evidence for two kinds of adsorption, one with a peak in the isobar 
at 200° K and the other at 280® K. The heat in the first case is estimated 
as 6 kcal./mole, which Eucken attributes to the chemisorption of an H2 
molecule to give two atoms side by side. The second maximum corre¬ 
sponds to the atoms having diffused apart into positions of minimum 
energy. Beeck, Cole and >^eelcr^ with evaporated nickel films state 
that hydrogen atoms are mobile at — 183° C and that the heat of adsorption 
against B curve is the same as at 23® C. The reduced powder may of course 
not onlj^ differ physically from an evaporated film, but may even contain 
dissolved hydrogen and oxygen. Evaporated films are much more likely 
to possess an un contaminated surface. A comparison of results in twt) 
cases such as these may eventually yield valuable generalizations for 
technical catalysts, as indicated by Prof. Taylor in his opening lecture. 

The Parahydrogen Conversion.—The heterogeneous parahydrogen 
conversion by the chemical (as opposed to magnetic) mechanism, is 
identical in rate and kinetics with fixe hydrogen deuteride reaction in 
cases known at present. The original Bonhoeffer mechanism involved 
dissociation and recombination of atoms in a loosely-bound chemisorbed 
layer, 

■H2 “f" 2MH 21VI -j- 0 —^H2 

but as a result of surface interchange experiments on evaporated films 
ot tungsten,® for this case the following mechanism was substituted. 

Rideal and Trapnell, this Discussion. 

Beeck, Smith and "WTieeler, Proc, Roy, Soc, A, 1940, 177, 78. 

Mignolet, this Discussion. 

“ Ward, Trans. Faraday Soc., 1931, 28, 339. 

“ Beeck, Ritchie and Wheeler, J. Colloid Sci., 1948, 3, 504. 

Couper and Eley, this Discussion, 

Eucken, this Discussion. 

Reviewed by Eley in (a) Advances in Catalysis, Vol. I, 157 ; (6) Quart. 
Rev., 1949 * 3 f 209. 
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A p —Ha molecule in the van der Waal s’ layer was supposed in some way 
to exchange an atom for one in the underlying chemisorbed layer 

Ha + HW HaW WH + 0—-Ha. 

This work was confirmed for the metal nickel.®® Trapnsll and Rideal, 
assuming the loosely-bound hydrogen on tungsten exists in the chemi¬ 
sorbed layer, once again suggest that in this case the Bonhoefier mechanism 
is valid. Neither must we neglect here the suggestions of A. and L. 
Farkas ®® for the metals platinum and palladium. Dr. Couper, Mr. Hulatt 
and myself have further unpublished work which we hope will help in the 
discussion of this matter. 

The adsorption work of Beeck, and of Rideal and Trapnell raises again 
the question of the determination of surface areas. The usefulness of 
the B.E.T. method is now beyond dispute, but undoubtedly other methods 
are to be sought and the paper by Maxted et al, shows how the phenomena 
of catalyst poisoning may be brought to bear upon the problem, with most 
hopeful results. 

Hydrogenation of Ethylene.—^While dispute can still occur concerning 
the mechanism of the parahydrogen conversion, the chances of agreement 
on the mechanism of ethylene hydrogenation must seem remote at present. 
Let us remind ourselves of the general facts of ethylene hydrogenation 
as they stood in 1940 when Beeck commenced to add the large number of 
striking new data on films, summarized in his papers to this Discussion. 
The reaction had been investigated on many catalysts, particularly copper 
and nickel powder, produced by reduction of oxides, or wires activated 
by oxidation and reduction. References are given in a recent review. 

In the range 100-150° C, the reaction is first order in hydrogen and zero 
order in ethylene. A marked excess of ethylene has sometimes been 
ascribed an inhibiting effect. At 200° C and higher the reaction is second 
order, i.e. first order in both gases. At room temperature Beeck reports 
that the reaction is first order in hydrogen and zero order in ethylene, 
while for butene-1 at 50° C. Twigg reports u On 

transition metal catalysts, the activation energy is usually 5-10 kcal. 
Beeck reports E = 107 kcal. for many metals investigated, exceptions 
being tungsten and tantalum. A marked feature of the reaction is that 
as the temperature increases the activation energy falls to zero, at 150° C 
for nickel catalysts, and much higher temperatures for nickel-silicon 
skeleton catalysts, as pointed out by Schwab. This effect in the past 
has been attributed to desorption of ethylene ; but desorption of hydrogen 
must first be considered, since it starts at a lower temperature. 

Any theory advanced has to take account of these facts and also the 
many new facts advanced by Beeck, of which two are outstanding : 

(а) Ethylene gas fidmitted to a clean metal film is strongly adsorbed, 

XH=CHv 

probably as acetylenic complexes NK ^Ni which largely cover 

the surface. The hydrogen atoms are removed by further ethylene forming 
ethane in the gas phase. Such a pre-adsorbed film is only slowly lemoved 
on exposure to hydrogen gas. 

(б) A hydrogen film pre-adsorbed on nickel is rapidly removed by 
gaseous hydrogen giving ethane. 

The main modern theories in th"^ field may be considered in chrono¬ 
logical order. 

(i) The Half-hydrogenated State Theory of Horiuti and 
P oLANYi.®* —^In this, two hydrogen atoms are added on independently 

®® A. Farkas and L. Farkas, J, Amer. Chem. Soc,, 1942, 64, 1594.. 

Maxted, Moon and Overgage, this Discussion. 

Beeck, Rev. Mod. Physics, 1945, 17, 61. 

Horiuti and Polanyi, Trans. Faraday Soc., 1934, 30 » 1164. 
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and successively. The ethylene is held by associative ” chemisorption, 
i.e. by opening of the double bond. 

CHa-~CH3 4- H ^ CH3CH3 + H CH3—CH3 

(an asterisk indicates a chemisorption bond to a metal site). 

(2) The Addition of a Molecule of Hydrogen : 

{a) Ha + CH2—CHa CH3—CHa (Twigg and Ridcal **) 

(b) Ha -f CHa= CH -> CHa^CHa + H CH3CH3 (Farkas 

(c) H + CH2--=^CHa + H CH3CH3. 

Farkas favours dissociative adsorption, while Twigg and Rideal favour 
associative adsorption of ethylene. 

Mechanism {2a) may possibly be brought into line with (i) if we 

* 

realize that the simultaneous addition of 2H atoms from one Hj mole¬ 
cule comes to the same thing, (2^;). Mechanism (2c) is expected to occur 
when the hydrocarbon is very strongly adsorbed as with ethylene, i.c. 
when the chemisorbed hydrogen cannot difiuso on the surface. Benzene, 
on the other hand, is more weakly adsorbed and the resultant high coii- 

centration of H favours independent H from separate Ha molecules. 

(3) Becck*s mechanism is that the surface is largely covered with 
ethylene molecules held as acetylenic complexes and only slowly removed 
by adsorbed hydrogen 

2H 4 - CH=CH 4 2H CH3—CH3 

On the spaces set free Beeck visualizes two possible mechanisms. 
Firstly, hydrogen is chemisorbed and reacts with gaseous ethylene, this 
reaction determining the hydrogenation reaction 

H 4 CHa=Cna 4 H CH3—CHs- 

Originally suggested by Beeck for the ni.kel ^oup of metals, he 
now retains it only for the tungsten group. For nickel he now favours 
interaction between chemisorbed hydrogen and chemisorbed ethylene, 
i.e. presumably some mechanism related to (i) or [2c) above. A good 
case has been made out for (i) or (2) on theimochemical grounds,^®** in 
contradiction to some earlier arguments of Beeck.®* It is novr a matter 
of great interest that Eyring and Laidler ^ both base their transition 
state treatments on formal schemes related to (2a), (26) and (zc) and 
can show that the low steric factor for the reaction calculated by jBeeck 
(and also by Eucken from the results of Toyama) is due to loss of trans¬ 
lations and rotations on adsorption of the reacting gases. It does, however, 
appear that a number or mechanisms must have the same calculated 
frequency factor, so that really we are not much further ahead. Also 
(as Schwab has pointed out) the treatments give a maximum rate at a 
definite pressure which is not found in practice. 

The extensive and important researches of Twigg and Rideal,** and 
Farkas on the exchange of deuterium atoms between deuterium mole¬ 
cules and ethylene molecules have been recently reviewed.^* Twigg and 
Rideal showed: 

(i) The exchange and hydrogenation have identical kinetics on a nickel 
wire at 156® C. The activation energy for exchange is i8*6 kcal., and 
falls off in an identical fashion with increase of temperature, being at 
all temperatures 4-5 kcal. greater than that for the hydrogenation reaction. 

»* Twigg and Rideal, Proc. Roy, Soc. A, 1939, 171, 55. 

Farkas, Trans, Faraday Soc,, 1939, 35, 906. 

** Eyring, Colburn and Zwolinski, this Discussion. 

” liidler, this Discussion. 
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Farkas obtained similar results on platinum foil. The Hj -|- Dj reaction 
is effectively inhibited by the presence of the ethylene. Twigg and 
Fideal suggested the rate-determining step to be the first of the following 
reactions : 

CHj—Olfl + r>2 -> CHa—CHgD + D CHa—CHD -f HD. 

(2) Conn and Twigg found no exchange between C8D4 and CaH4 even 
at temperatures as high as 360® on a Ni filament which iavours adsorption 

as CHa — CHa rather than CHa=CH H. The calculations of heat of 
chemisorption by Eley also tend to support the first kind of chemisorption. 

The paper by Turkevich, Bonner, Schissler and Irsa ^8 brings forward 
similar data to Twigg, but by the mass spectrometer they can distinguish 
the various isotopic species. They also note that in the initial stages 
of reaction of Da H- C2H4, light CaH® is produced. This result is the 
same as that of Baxendale and Warhurst who found appreciable quanti¬ 
ties of light methyl elaidate produced by deuterogenation of methyl 
oleate on platinum black. This is very strong evidence for the occurrence 
of Beeck*s reaction outlined above, but it would appear from Turke- 
vich’s result, as we would expect, that the rate of production of CaH^ soon 
decreases to zeio, and that this reaction play^ no part in the stationary 
hydrogenation process. Thermochemical reasons support this view, 
since 

2CHa=CHa ^ CH3—CHa + CH=CH 

has AH = -f 17*2 kcal. and since AS -^o it will be thermodynamically 
impossible, and can only occur at all because the acetylene is chemisorbed 
on the catalyst. 

My own tentative viewpoint is that a large part of the catalyst may be 
covered by the so-called acetylenic complexes, particularly if pure ethylene 
is admitted to a clean catalyst, but that the catalyst settles down to a 
stationary state in which a fair part of the catalyst is covered by chemi¬ 
sorbed ethylene, which reacts by (2<z) or {2c). It is dif&cult to see how (3) 
could give the oteerved kinetics, but there is clearly a need for a great deal 
more woik before a definite decision can be reached, and the lines of 
investigation should come out of this Discussion. 

It might be convenient finally to raise one new suggestion at this 
time. The solubility of hydrogen in metals such as nickel increases 
strongly with increase of temperature. If hydrogen dissolved in the 
metal does exert a poisoning action, it might well lead to the activation 
energy- falling ofi to zero. It is well known that ethylene does not desorb 
otC nickel below 200° C, but it is exceedingly unlikely, since the reaction 
is first order in hydrogen gas at relevant temperatures, that desorption 
of this gas can affect the activation energy. If desorption were a factor, 
one would expect Ni—Si catalysts to have a lower temperature of maximum 
rate, but if solubility comes in a higher temperature. This is only a very 
tentative suggestion as we have no experiments to show a poisoning 
action of dissolved hydrogen on this system, but only on the ]^ladium 
— p —Ha system. 

Other reactions discussed include dehydrogenation,®® and the oxidation 
of ammonia. 

There would seem to be no special problem in the kinetics of dehydro¬ 
genation comparable with the hydrogenation reaction, probably because 
the former occurs at much higher temperatures. Zawadzki's paper 
reviews the impressive body of work done on the ammonia reaction, much 
of which is not easily available to workers in this country. 

®8 Turkevich, Bonner, Schissler and Irsa, this Discussion. 

Baxendale and Warhurst, Trans, Faraday Soc., 1940, 36,1186. 

®® Schwab, this Discussion. Zawadzki, this Discussion. 
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Lattice Spacing Factor.—Becck’s work on the increased activity 
of oriented films of nickel is well known.He has now developed this 
work showing that the actual activity is associated with an increased area 
of exposed (iTo) plane, and not merely increased oiientation. This is so 
foi ethylene hydrogenation and ethane dehydrogenation. On the other 
hand, there is no difference between oriented and non-oriented nickel 
lilms for benzene hydrogenation. Oiientod (no) films of platinum were 
loss active than non-orionted lilms in cyclohexane dehydrogenation. 
This latter result Beeck associated with the Balandin criterion of 6-point 
adsorption on the octahedral (in) faces. Beeck associates the maximum 
activity ot rhodium for ethylene hydrogenation and palladium for 
acetylene hydrogenation with the need for a lattice spacing in the metal 
to fit the substrate, but qualifies his view for metals like chromium, where 
he believes bond-type, in particular percentage d character plays a part, 
as emphasized recently by workers both in Billingham and Bristol, and 
discussed in the next section. 

Electronic Factors.—Schwab has summarized his work on the 
dehydrogenation of formic acid on a wide range of alloys of monovalent 
with multivalent metals. He has quite convincingly demonstrated that 
the activation energy is proportional to the square of the electron con¬ 
centration, and argues that the rate-determining step is the loss of 2 
electrons from the formic acid molecule into the lowest unfilled level in 
the metal. This is a particularly thorough and satisfying piece of work. 
He has also raised again the question of the linear relation between the 
logarithm of the frequency factor and the activation energy. Couper and 
Eley have shown how the activation energy of the parahydrogen con¬ 
version on palladium is suddenly increased when gold is alloyed at the 
right concentration to fill up the holes in the d band. In other words, 
unpaired d electrons, presumably at the surface, are a necessary con¬ 
dition for a strongly bound activated complex. Dissolved hydrogen 
exerts a similar poisoning action. The clear cut nature of the result 
is probably associated with the simple nature of the system they examined. 
Dowden and Reynolds,®® with a similar objective, examined Ni—Cu and 
Ni—Fe alloys. The general picture is that a high activity is associated 
with a partly empty i2-band (not only for the hydrogenation of styrene, 
but also for the decomposition of methanol and formic acid). On the 
other hand, the decomposition ol hydrogen peroxide is favoured by a 
full d-band, which they believe is due to the slow step being electron 
donation from metal to substrate ®* 

M -f HjOa Mt- 4 - HO -f OH- 

They have also produced evidence that in Ni—Fc alloys the catalytic 
activity increa^.es with g(E), the energy density of electron levels. For 
one range of compositions while the number of holes in the df-band are 
decreasing, nevertheless there is a strong increase in hydrogenation 
activity in the composition region where specific heat data indicates an 
increase in g{E). 

It is quite clear that with the application ot the relatively novel ideas 
and techniques outlined in these papers that the subject of metal catalysis 
is going to enter a long period of fruitful development. 

The University, 

Bristol. 


®* Beeck and Ritchie, Ihis Discussion. 

®* Dowden and Reynolds, this Discussion. 
Weiss, Trans. Faraday Soc., 1935, 31,1547. 



STUDIES IN CONTACT POTENTIALS 

PART I.—THE ADSORPTION OF SOME GASES 
ON EVAPORATED NICKEL FILMS 

By J. C. P. Mignolet 
Received 2nd February, 1950 

Surface potentials have been determined for a number of gases on unoriented 
evaporated nickel deposits. The chemical films studied are: Ni—H : 
— 0-345 V ; Ni—CgHa : + i*o V ; Ni—CgH* : -f- 0-83 V. Contact potential 
appears to be suitable for directly studpng surface reactions involved in the 
cataljrtic hydrogenation of CgHj and CaH4 on nickel. Van der Waals' films of 
non-polar gases may exhibit considerable surface potentials : Ni—Xe ; 
+ 0-85V; Ni—N,: +0*21; Ni—CaHai -f-0*77 V. Surface potential appears 
to afford a criterion of limited applicability for distinguishing between van der 
Waals’ adsorption and chemisorption. 


Surface potential (S.P. in short) has a number of qualities which make 
it an interesting physical quantity in the field of adsorption and catalysis 
on solids. It is a true surface property simply related to the electric 
moment of the adsorbed particles and to their concentration on the outer 
surface. 

Experimentally contact potential techniques are available which 
enable S.P. (or S.P. variations) to be measured in an extraordinarily 
wide range of conditions. It seems possible with them to study reactions 
between adsorbed films and gases and to observe the films on catalysts 
in operation. Apparently, little has been done in this direction. ^ In 
the case of the catalytic dissociation of H2 on tungsten, Bosworth has 
been able to choose between two mechanisms on the basis of a contact 
potential determination. In a study of the catalytic para hydrogen 
conversion on a tungsten wire poisoned with an oxygen film, Eley and 
Rideal ^ have used a contact potential technique to determine the relation 
between catalytic activity and concentration of the poison film. The 
main object of this investigation was to examine the films of Hg, CgHg, 
C2H4 and CgHg on nickel, as a first step towards a study of the catalytic 
hydrogenation of CgHa and CgHi. In the course of this investigation, 
it has emerged that van der Waals’ films of non-polar particles could ex¬ 
hibit appreciable S.P. Since this raises questions as to the interpretation 
of S.P., films of such typically non-polar particles as Na and Xe have 
also been studied. 


Experimental 

The apparatus used is shown schematically in Fig. i. The cell ® and the 
micro-introductors * are described elsewhere. Before starting an experiment, 
the apparatus is degassed thoroughly, baking the cell and trap i at 500® C in 
an oven, torching out the tubings and heating the filament for 2 hr. just under 
evaporation point. An additional precaution has been found advisable, i.e. 
to pump impurities of intermediate volatility out of the traps. Otherwise, 

1 Bosworth, Proc. Camb. Phil. Soc., 1937, 33 » 394 - 

®Eley and Rideal, Proc. Roy. Soc. A, 1941, 178, 429. 

® Mi^olet, Part II, this Discussion. 

* Mignolet, Trans. Faraday Soc., 1949, 45, 271. 
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virtual leaks may occur and cause, for instance, variations of o*i to 0*2 V when 
the condenser tube is cooled to — 196° C. These fractional distillations are 
carried out by temporarily warming-up traps i and 3 to — t6o° C as shown 
in Fig. I. Such slight warming-ups are also useful when handling “ vapours," 
c.g. 

Vacuum-light tests showed that, with the cut-off shut, the pressure remained 
of the order oL lO”® mm. llg for a lew hours and rose overnight to t or 2 x io“® 
mm. Hg. In normal working conditions, a baie nickel deposit will not exhibit 
any appreciable drift in contact potential (or 2 hr. 



Fig. I. —^Apparatus. 


F : iron cylinder enclosed in glass tube. 

Ti, Tj, Tg : traps normally cooled in liquid nitrogen. Tj outgassed with 
the cell at 500*^ C in an oven ; Tg cooled temporarily before removing oven. 

Cl, Cg : copper tubes sealed to traps with alcohol; warmed to — i6o° C 
(indicated by thermocouple Th) for fractional pumping-out of impurities. 
Long lower part prevents temperature from rising owing to evaporation of 
liquid nitrogen. 

Three cells were used : a simple type I cell in series E, F and G ; a type I 
cell of a somewhat different design in series IJ, . . . N ; a type II cell in series 
O, . . . W. The second cell incorporated two j&laments—one opposite each 
" area "—and a screen to meet secondary r^uirements enabling, for instance, 
evaporations to be made without condensation on either " area ", The result 
was worse, however, because increased crowding caused the S.P. values to be 
about 15 % too low. 

Much attention has been paid to avoiding and detecting possible variations 
of the auxiliary surface. In series E to N, controls were systematically made, 
fully using the possibilities of the two areas " (see discussion in Part II). 
These controls have shown that the surface of the auxiliary electrode—such as 
results from the out gassing—^is extremely inert chemically. The situation is 
very favourable too with van der Waals' films at low temperatures because the 
temperature of the auxiliary electrode remains much higher than thai of the 
vibrating electrode. Actually, with the condenser tube in liquid nitrogen, the 
temperature of the auxiliary electrode tn vacuo is roughly — 10° C. Of course, 
the temperature sinks as the gas pressure is raised, but since it reaches its final 
values within a few minutes, adsorption on the auxiliary surface would be de¬ 
tected. Actually, such effects as have been observed never exceed 0*02 V. 
They probably result from a thermal variation in the work function. The 
stability of the auxiliary surface being satisfactory, and since controls are a source 
of small errors, it was decided to drop them after series N and choose the best 
possible conditions for the measurements proper. As a result, a better repro¬ 
ducibility of the S.P. values was obtained (see below). 

Materials. — ^Nickel Deposits. Evaporation was produced by heating a 
nickel filament (0*3 mm. diam.) electrically (2*8 to 3*0 A) in vacuo. Nickel 
wire of two sorts were used, i.e. 99 % Ni -f 0*5 % Co and after series M, spectro¬ 
scopically pure Ni. No difference was detected. With the first two cells, the 
nickel was deposited on a nickel foil (vibrating plate) at — 196® C. With the 
third coll, the base was Pyrex glass cooled externally in ether. Apparently, 
there was no difference between the two sorts of deposits. An X-ray diffraction 
test * showed that the latter method yields microcrystalline unoriented deposits 
as stated by Beeck, Smith and Wheeler.® With the thick opaque deposits 
used, no influence of thickness was apparent. 

* Kindly carried out by Dr. H, Lambot and Dr. J. Toussaint. 

« Beeck, Smith and Wheeler, Proc. Roy. Soc. A, 1940, 177, 62. 
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Hydrogen : electrolytic ; purified by diffusion through a palladium tube. 
Nitrogen : from a steel cylinder; purified by bubbling through Na2S204 
+ KOH. 

Acetylene : prepared and purified according to Moser.* 

Ethylene: prepared and purified according to Moser* (C2H5OH + H3PO4). 
Ethane : prepared by the reaction CaHjMgBr + HjO ; washed with KMn04. 
All three hydrocarbons were fractionated in vacuo in the apparatus itself and 
sent directly into the introductors. 

Argon : 99-9 % + o*i % N*. 

Xenon : supplied by Matheson Co. According to mass spectrometer analysis, 
the only impurity was krypton (0*25 %). 


Results 

Hydrogen Films. —^Two kinds of hydrogen film have been observed. They 
are easily distinguished as their S.P. are of opposite signs, i.e. negative * for 
the chemical (atomic) film, positive for the van der Waals* film (see Fig. 2). 

A few S.P. (in volt) of the negative film at 20® C are : 

Experiment .... Oa Ra Sa 

In vacuo {p ^ lo*** mm. Hg) . — 0*304 — 0*266 — 0*306 

At saturation {p > 2, mm. Hg) . — — 0*327 — 0-359 

The S.P. for a complete chemical hydrogen film may be taken as —0*345 ± 0*02 V. 

At — 196® C, addition of hydrogen to a nickel surface already covered with 
the negative film leads to the formation of a volatile positive film, as shown in 
Curves 2 and 3. Curve 2 was obtained with an incomplete negative film pre¬ 
pared by pumping at 20® C and cooling, and Curve 3 with a complete film pre¬ 
pared by cooling in hydrogen (50 mm. Hg) and pumping. Except for a constant 
difference of about 0*06 V due to the negative film, the two curves do not differ 
appreciably. A maximum S.P. of -f 0*1 V is obtained in both cases. This 
value is not accurate. It contains a possible contribution of thermal origin 
from the auxiliary surface (-{- 0*02 V at most). 



Fig. 2. —Surface potentials of hydrogen films as a function of pressure (plotted 
at two different pressure scales). 

Curve i : at 20® C ; chemical film. 

Curve 2 : at — 196° C ; van der Waals* film on incomplete chemical film. 
Curve 3 : at — 196® C; van der Waals* film on complete chemical film, 
t] ^ : Expt. Ra ; □ AO: Expt. Sa. 

Points from Expt. Ra have been raised by o*oi6 V and those from Expt. Sa, 
lowered by the same quantity so as to make the S.P. coincide for a complete 
negative film. 

* Moser, Die Reindarstellung von Gasen (F. Enke, Stuttgart, 1920), pp. 140 
and 137. 

• Negative films increase the work function. 
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Bare nickel at — 196° C adsorbs hydrogen very rapidly (^ < i min.). The 
negative film (somewhat incomplete) is formed first. Measurements of adsorbed 
volumes on larger nickel films prepared in the same way have shown that, at 
about 4 X 10-'* mm. Hg, the ratio of quantity of in 2nd film/quantity of 
Jig m ibt film is about 0*03, whereas the ratio ol the corresponding S.P. is about 
0*25. Therefore, the electric moment of the hydrogen particles is much higher 
in the van ilcr WaaLs' film than in the chemical one. Preliminary experiments 
give evidence that the S.P. of the negative film is proportional to the amount of 
hydrogen adsorbed, i.e. that the electric moment is independent of the fraction 
of burfacc covered. No similar indication is available for the positive film. 
In particular, it has not been possible to determine whether the adsorption 
isotherm exhibits a saturation as does the S.P. isotherm. 

G2H21 C2H4and G2H6 Films.—The adsorption ot these gases on bare nickel 
has not been studied in detail. The values given are only preliminary ones. 
Expt. Ta and Wb give 0*94 and i-io V for the S.P. ot a chemical €2112 film at 
20® C in good agreement with the value 1-046 V obtained from the displacement 
reaction, Ni—H -f C3H2 Ni—Cglia + • • . • Expt. Va gives 0-835 V fot 
the S.P. of a chemical CaH4 film at 20° C, in qualitative agreement with othei 
less accurate values obtained either directly or from the reaction, 

Ni—H + CgH* -> Ni—C2H4 + . . . . 

There seems to be little doubt that the S.P. of the CgHj film is in fact 0-2 V 
lower than that relative to CgHg. 

At — 183® C, CgHa and CgH, films exhibiting approximately the same S.P. 
as at 20® C. have also been observed. It is not clear whether they are van der 
Waals’ or chemical films because it has not yet been possible to desorb them and 
restore the bare surface. With CgHa, a desorption from 0-043 0*766 V 

was observed during warming up (with appropriate precautions to pump out 
the CaHg quickly at a low temperature) to 20® C. With CaH4, desorption was 
apparently complete, but the surface would no longer adsorb hydrogen at 20° C. 

As regards CgHg, a scries of adsorptions at — 183® C gave the values 0-62 ; 
-f o-8o and 4- 0*74 V. Addition of CaH^ at 20® C has no effect. Heating in 
contact with CaH^ to 250® C produces a variacion of — 0*3 V. A few observa¬ 
tions have been made on the reactions between adsorbed hydrogen and g^cous 
CgHg or CaHi, and also on the reverse reactions. They are insufficient to justify 
amplification. Yet, in view of their interest as regards the possibilities of 
contact potentials in catalysis, it is perhaps as well to give a few indications. 
At room temperature and low pressures, CaHa 3-nd CgHi react rapidly (^ < i min.) 
with an adsorbed H film. The measured S.P. jumps are equal to the difference 
in the S.P. given above for films on bare nickel. The reverse reactions are ex¬ 
tremely slow at room temperature but rapid at 250° C. Again, a jump of about 
I V is observed. Alternate displacement reactions can be repeated several 
times and the kinetics with CaHj and C3H4 compared. It appears that the rates 
are not very different. 

Van der Waals’ Films.—The results are collected together in Table I. 

The S.P. recorded arc those for complete films except in those cases discussed 
below. Filins on bare Ni are stable in vacuo, S.l\ variations of about 5 % 
being sometimes observed by pumping. The S.P. arc often considerable, com¬ 
parable in magnitude with those obtained for chemical films. One of the mo.st 
significant is perhaps that of Ni—Xe where there is no possibility of chemical 
interaction. The effect observed must therefore be ascribed to polarization in 
the field existing near the surface ; and clearly, the same cause is operating in 
the other cases. Incidentally, the agreement between the S.P. values for Ni—Xe 
(4- 0-840 and 4- 0-866 in Expt. Va; -j- 0*849 in Expt. Wa) shows the degree 
of reproducibility that can be reached when no complication arises from the 
film itself. The case of argon shows that the observed S.P. are really due to 
adsorption and not to the presence of gas between the electrodes. At — 196® C, 
argon is very slightly adsorbed as was shown by a special volumetric test. As 
should be, it gives a negligible S.P, Pre-adsorbed hydrogen increases the surface 
potential of nitrogen (Table I) but decreases the fraction of surface covered. 
The latter point is shown clearly by the isotherms of Fig. 3. 

The isotherms are numbered in the order in which they were taken. Since 
the nickel deposit had been kept at a temperature somewhat higher than 20® 
during deposition, no sintering can have occurred between isotherms i and 3 
and it must be concluded that (i) only 20 % of the hydrogen-covered nickel 
surface are capable of adsorbing nitrogen ; (ii) the electric moment of the ad¬ 
sorbed Ng molecules is about 10 times greater on a Ni—H than on a Ni substrate. 
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All surface potentials on Ni and Ni—H being positive, it is interesting to examine 
tne adsorption on positive pre-adsorbed films to see whether the second film 
would not be negative. Results for Ni—C2H4 and Ni—CjHj show very small 
S.P., indicating that either there is no adsorption or that the adsorbed particles 

TABLE I.— Surface Potential of van der Waals* Films on Nickel Bare 
OR Covered with Pre-adsorbed Chemical Films 


Base Surface 

Gas 

T 

rc) 

mm. Hg 

S .P. 

(volt) 

Expt. 

Bare nickel 

N, 

—196 

10-® 

H-0*2I ±0*01 

Oa 

99 

Ar 

—196 

I 

< +0-03 

Ta; Va 

** \ 

C,H. 

-183 

3X 10-^ 

+0*77 

Ua 

9 9 

Xe 

—196 

2 X IO-® 

4-0*85 ±0*01 

Va; Wa 

99 

»» 

-183 


-j-o*8o 

Wa 

Ni—H 

H, 

—196 

10 

4-0*09 ±0*01 

Ra ; Sa 

99 

Incomplete Ni—H :— 

C,H. 

—190 

I0-« 

4-0*88* 

Kb 

(S.P. = — 0*072) 

N. 

—196 

5 X 10-® 

4‘0*36 

Oa 

(S.P. = - 0*28) 

99 

99 

99 

+ 0*45 


(S.P. =-o-3o) 

99 


99 

4-0*41 

it 

Ni—C2H4 

C2H. 

-183 

2X I0-* 

4-0*07 ±0*01* 

He 

H, 

»» 

2 X I0-* 

—0*02 ±0*01 

Hf 

99 

Xe 

—196 

2X I0“* 

0 ±0*02 

Va 

Ni—CjHj 

N, 

—196 

6X 10”* 

—0*006 

Ne 


t Value obtained with the second cell (see Experimental) and therefore 
15 % too low. 

are weakly polarized. In Expt. Wa, enough xenon to produce a polymolecular 
layer was added to a nickel surface covered with a chemical CjH, film at — 196® C, 
care being taken to warm the traps to —183° C. A contact potential variation 
of about — 0'o6 V occurred. Such small effects might result from a compensa¬ 
tion between two effects arising : one from the nickel surface, the other from the 
pre-adsorbed film. It is more probable that they are a result of the short range 
of the forces involved. In this respect, the adsorption of Xe on Ni—Nj affords 
favourable conditions for a test, since there is, so to speak, a -{- 0*65 V reserve 
for polarization if the range is sufficient.* 


Discussion 

From the results presented here, it is clear that contact potential 
can be used to study the catal>d:ic hydrogenation of ethylene and acetylene 
on nickel and the related surface reactions. A discussion is undoubtedly 
premature now but, perhaps, we can say a few words in relation to the 
problem of active centres. S.P., being proportional to the concentration 
of adsorbed particles, will not detect changes in the adsorption on sparse 
array of active centres. Hence, for a reaction occurring only at active 
centres, there will be no parallelism between the behaviour of the films 
observed by contact potentials and that expected for the films through 
which the catalytic reaction proceeds. Of course, a close parallelism 
does not prove that the surface is homogeneous. In the case studied 
here, the ^ms seem to behave as would be anticipated from the catalytic 
data. 

The adsorption of hydrogen on nickel has been studied at room tem¬ 
perature by V. Duhn ’ who reports a positive (with the convention of signs 
adopted here) S.P. varying from 0*3 V at lo-® mm. Hg to 0*7 V at 10 mm, 

t A negative surface potential is not excluded. The experiment has not 
yet been carried out. 

’ v. Duhn, Ann, Physik, i943» 43 » 37- 
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Hg. Since both v. Duhn and the writer find a negative oxygen film,* a 
systematic error in the signs is excluded. It is suggested that part of 
the discrepancy results from a difference in the condition of the surfaces 
lx?forc contact with H2. The nickel surface was not bare in v. Duhn’s ex¬ 
periments because of inadequate technique. On the other hand, v. Duhn's 



Fig. 3,—Adsorption isotherms at — 196® C, 

Curve I ; Nj on bare nickel. 

Curve 2 : on bare nickel. 

Curve 3 : N* on nickel covered by an incomplete H film (prepared by 
pumping at 20® C and cooling). 

measurements were made in vacuo, after the upper electrode had been 
in contact for some time with the gas at the pressure given. Therefore, 
his curves are not ordinary isotherms and indeed, it is not clear how, 
in most cases, the pressure could have had an elfect at all. 

S.P. of van der Waals' films of non-polar gases have been reported 
previously. There must have been van der Waals' films in tliose examined 
by V. Duhn, though the distinction with chemisorption was not made, la 
another direction, Frost and Hurka ® obtained S.P. of about o* c V for a 
few films, e.g. CCI4 and CgHe on collodion. 

In severil of the cases studied here, the effects are much greater. 
This raises the question of the interpretation of S.P. So far, it has been 
customary to interpret them in terms of chemical polar bonds, either 
within the adsorbed molecules or between adsorbate and metal. It is 
clear that induced polarization must be taken into account too. For the 
chemical films of CgH* or CgH* on Ni, for instance, it is able to account 
for more than half the effect. The writer has held the view that the 
second Hj film is a ** film in the gaps Curve 3 in Fig. 2 brings strong 
evidence against this view, since the film is still present although the 

•lu series E, a S.P. of —1.6 V has been found for the oxygen film on nickel 
at — 190® C, in satisfactory agreement with Bosworth's determination (—1*4 V ; 
Trows. Faraday Soc,, 1939, 35, 397). 

* Frost and Hurka, J, Amer. them. Soc., 1940, 6a, 3335, 

^ Hoberts, Some Froblems on Adsorption (Cambridge University Press, 
London, Z939)- Rideal, Chem. and Ind., 1943, 6a, 335. Rideal and Trapnell, 
CoUoque sur Vadsorption et la cinStiqne hdUrcghie (Lyon, Sept., 1949). 
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gaps have been filled, It is not proposed to discuss possibilities as to 
the seat of adsorption before experiments are made at intermediate 
temperatures and on oriented films. 

Perhaps, for the present, the main interest of the curves of Fig. 2 
lies in another direction. We have here a striking example of the ability 
of S.P. to distinguish between van der Waals’ adsorption and chemi¬ 
sorption by virtue of its having a sign. Examining the meagre data 
of Table I from a purely empirical point of view, one will notice that the 
van der Waals’ films on bare nickel examined (Xe, Nj, CaHe) exhibit 
positive S.P. The positive sign may well be a feature common to all 
van der Waals’ films of non-polar gases on bare metals. If this turns out 
to be true, a negative S.P. on a bare metal will point to chemisorption ; 
and perhaps, when more is known about induced polarization, it will 
be possible to develop the criterion for positive films on a bare metal by 
taking the value of the S.P. into account. It is hoped in another paper 
to present additional data on induced polarization and discuss the matter 
in detail. 

I msh to express my deep gratitude to Prof. L. D’Or for help, encour¬ 
agement and advice. I also wish to thank Messrs. J. Haesen and J. 
Sarlet for skilful technical help and Dr. J. Serpe and Dr. J. Pirenne for 
useful discussions. 

Lahoratoire de Chimie ginirale, 

Lidge^ 


Addendum —On the Origin and Nature of ** Induced Polarization — 
How is it that van der Waals* films of non-polar particles exhibit surface 
potentials ? The effect might be one of compression of the electric double 
layer at the metal surface by the adsorbed particles, without the latter 
being polarized, but this is very improbable. Therefore, it has to be 
assumed that the adsorbed particles are polarized and our problem is to 
understand the origin and nature of the electric field responsible for the 
effect. 

Let us first consider the films on bare metals. A model based on 
image forces has been frequently used in the past to account for properties 
of films. Bosworth has used it to calculate the heat of adsorption and 
electric moment of a H atom on an ideal metal. Besides the negative 
moment, he finds a positive moment at greater distance from the surface. 
Although the case treated by Bosworth is one of chemisorption, it might 
be thought that the explanation lies in that direction. However, this 
can hardly be so. With xenon, for instance, the image has nearly spherical 
symmetry. Therefore, the electric field produced in the xenon atom is 
negligible, and insufficient to polarize the latter appreciably. 

Clearly, the electrical field responsible for the effect must be the one 
existing within the electric double layer at the metal surface.* A number 
of theoretical studies have been concerned with the electric double layer 
but, apparently, it has not been realized that the field near the surface 
may be of such magnitude as to induce important electric moments in 
adsorbed particles. 

Couper and Eley (unpublished) ; cited by Eley, Quart. Rev., 1949 * 3 » 216. 

Bosworth, Trans. Roy. Soc. N.S.W., 1941, 74, 538. 

Mrowka and Recknagel, Physih. Z., 1937, 38, 758, Bardeen, Physic. Rev., 
1936, 49, 653. Huang and Wyllie, Proc. Physic. Soc., I949» 180. 

* Added in proof: Frost (Trans. Electrochem. Soc., 1942, 83, 259) has foreseen 
and briefly discussed this cause of induced polarization. 
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Consider a simplified model neglecting the atomic structure of the 
surface. There is an electric double layer at the surface, due to electrons 
of the metal projecting a short distance outside. The electric licld H 
in empty space, within the double layer, is directed as shown in Fig. 4. 



Fig. 4. 


Let now a film of non-polar particles be adsorbed. The particles are 
polarized with the positive charge outwards. Accordingly, the surface 
potential of the film is positive. Thus, the model accounts for the positive 
sign found for the three films studied (Ni—Xe, Ni—Nj, Ni—CjHg). 
Moreover, the positive sign appears to be a property of the type of film 
considered here. Can the model also account for the order of magnitude ? 
Since the characteristics of the double layer of nickel are not known, 
we examine that point from the experimental side. The electrostatic 
potential V decays rapidly with increasing distance x from the surface. 
Let Curves i and 2 represent V against x for double layers thicker and 
thinner respectively than the film. Knowing the surface potential v 
of the film, we propose to estimate F© (sec Fig. 4) and compare it with 
the work function of nickel. 

Let us first consider a double layer thicker than the film. Provision¬ 
ally, it is assumed that the field is constant. Then (Fo — Fj) and v are 
defined by 

V,^V^^Hd .(I) 

V 55=: = 47rWorA, .... (2) 

where d, M and o are the diameter, induced electric moment and polar¬ 
izability of the particles, and n is their number per unit surface, h repre¬ 
sents the field within the film. 

Hence 


Fo - Fi := 


. V. 


(3) 


d H 

47 rWor ' h 

The difference between h and H results from two effects, i.e. a depolar¬ 
ization due to the film and a polarization of the electric double layer itself 
by the film. The first effect is easily taken into account using, after 
Topping,^* a depolarizing field given by 

— gMnVi. 


Topping, Proc, Roy. Soc. A, 1927, 114, 67 ; see also Roberts, Some Problems 
in Adsorption (Cambridge University Press, 1936), p. 103 
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The second effect arises because (Fq — V-^ and H refer to the electric double 
layer at the bare surface. Since it is not clear at present how it could be taken 
into account, we neglect it and, therefore, content ourselves in deter¬ 
mining (Fo — for the film-covered surface. With this new definition, 



h = H - 

■ ( 4 ) 

or 

"“l+9<rK“/«’ • 

• ( 5 ) 

since 

Formula (3) becomes 

II 

• (C) 

1^0- 

4‘Trnar 

. • ( 7 ) 

Hence 

v^^x+genv. . . 

• • (8) 


The same result is arrived at if the electric double layer is thinner than the 
film (curve 2). For, while in this case, Fq is used completely (Fi = o), 
only part of the polarizability is effective. 

With the inhomogeneous field existing in the electric double layer 
relations (i) and (2) may still be used to define mean values of H and h, 
but formulae (4) and (6) are not strictly valid. It is, however, probably 
safe to use formula (8) as a first approximation. 

Let us tentatively apply eqn. (8) to a complete xenon film on nickel 
for which 

<r = 4 X io“** cm.®; ^ = 3*5 X io“® cm. 
n = ijd^ := 8*17 X atom./cm.*; v = 0*85 V. 

We get Fo > 1-57 ?; = 1-33 V. . . . (9) 

Thus we find a quite reasonable lower estimate of the strength of the electric 
double layer, lower—as it should be—^than the work function of nickel. 

In spite of the approximations made, it is felt that this result is strong 
evidence for the scheme developed above. In the absence of an essenti¬ 
ally different explanation, it may be considered that the positive surface 
potentials found for van der Waals’ films of non-polar particles on bare 
metallic surfaces are to be ascribed to a polarization of the adsorbed 
particles by the field existing in the double layer at the metal surface. 

Accordingly, result (9) may be taken as experimental evidence that 
the electric double layer is just a few A thick. It is clear, therefore, that 
the atomic structure of the surface cannot be neglected. At the moment, 
it is difficult to see how important structural effects may be. 

Finally, a few words about double films. The results reported show 
important positive surface potentials for second films on negative films 
and small surface potentials on positive first films. The explanation seems 
to be somewhat as folloAvs. Due to van der Waals* forces, the particles 
of the second film tend to locate themselves into depressions in the first 
film where they are polarized ivith the opposite sign. Thus, the effects 
produced by the metal and by the film reinforce (destroy) each other 
for negative (positive) first films. In the case of Ha and Na on Ni—H, 
it seems necessary to assume a deep penetration of the second film into 
the substrate. Would this imply that the hydrogen atoms of the first 
film are on top of the nickel atoms and not in between ? This may well 
be so.f 


* Consideration of a model treating the film as a dielectric leads to a result 
practically identical with formula (7) viz. : 

K, _ K, = . . . {/) 

” * e — I 4/LtW(7 ' ‘ 

where e is the dielectric constant of the film. 


t In that case, the (no) faces may well play an important part because of 
the large available spaces between rows of nickel atoms, which can easily ac¬ 
commodate the molecules of the second film (Ng for instance : cp. the 20 % of 
surface covered at saturation, and Couper and Eley, this Discussion). 
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To sum up, van der Waals* films can be used to explore the electric 
field at the surface of metals and used to obtain in'*ormation about the 
electrical double layer. Moreover, they may well yield information about 
the structure of primary pre-adsorbed films. 


THE MECHANISM AND TEMPERATURE 
COEFFICIENT OF THE PARA- 
HYDROGEN CONVERSION 

By E. K. Rideal and B. M. W. Trapnell 
Received and February, 1950 

The results of a volumetric study of the chemisorption of hydrogen by 
evaporated tungsten films are summarized. These indicate that the probable 
mechanism of the parahydrogen conversion by tungsten surfaces is the con¬ 
densation and re-evaporation of chemisorbed gas. The significance of the 
temperature coefficient of the conversion rate is discussed. 


Using a tungsten filament as adsorbent, which was cleaned by flashing, 
and following the uptake of hydrogen volumetrically, thermally and by 
measurement of the change in neon accommodation coefificient on ad¬ 
sorption, Roberts ^ made important discoveries concerning the nature 
of chemisorption processes. Two of the results that he claimed have 
particularly influenced theories of the parahydrogen conversion and 
hydrogen-deuterium exchange. Firstly, that the chemisorbed layer was 
complete at pressures of 3 x lo”* mm. Hg at o® C. Secondly, that evapor¬ 
ation of hydrogen from the chemisorbed layer took place at an immeas¬ 
urably slow rate until temperatures of over 400® C had been reached. 

On the other hand, the parahydrogen conversion proceeds readily 
through a chemical mechanism at tungsten surfaces at room temperatures 
and even at liquid air temperatures.® Rideal ® therefore rejected the 
mechanism of reaction suggested by Bonhoeffer and Farkas,* 

2W + . Ha ^ 2WH ^ 2W -f 0 . Ha . . . (i) 

and postulated that reaction proceeds through interaction of a chemi¬ 
sorbed atom and a molecule held by van der Waals' forces either in a 
second layer or in a so-called gap site ^ 

. H, -h WH HW + 0 . Ha . . . (2) 

Later work by Eley ® showed that deuterium, chemisorbed by an 
e\’aporated tungsten film, could exchange with gas-phase hydrogen even 
at 77° K. If the chemisorbed deuterium was unable to evaporate below 
400® C, the exchange must have been described by eqn. (2). Eley also 
disproved a suggestion by Farkas ® that the hydrogen was converted by 
the mechanism of eqn. (i), but only on a very small number of lattice 
sites, too few to be detected by Roberts' technique. 

1 Roberts, Proc. Roy, Soc. A, 1935, 152, 445. 

* Eley and Rideal, ibid., 1941, 178, 429. 

® Rideal, Proc. Camb. Phil. Soc., 1939, 35,130. 

* Bonhoeffer and Farkas, Z. Physik. Chem. B, 1931, 12, 231. 

® Eley, Proc. Roy. Soc. A, 1941, 178, 452. 

* Farkas, Trans. Faraday Soc., 1939, 35, 943. 



E. K. RIDEAL AND B. M. W. TRAPNELL 115 

Roberts,^ and Beeck ’ who has as a result of a study of the adsorption 
by evaporated films reached similar conclusions to those of Roberts, agree 
that the heat of chemisorption can fall to values of about 15,000 cal. 
as the layer becomes more densely packed. For such heats, a measure 
of reversibility for the adsorption would be expected at room temper¬ 
atures ; irreversibility up to 400® C, as Roberts claimed, would certainly 
not be expected. Moreover, reflection shows that Roberts' statement 
that the adsorbed layer only became complete at the finite pressure of 
3 X 10“^ mm. at room temperatures itself implies that the adsorption 
is to a degree reversible under these conditions. 

It was therefore decided to investigate the adsorption volumetrically 
using evaporated metal films to decide under what circumstances and 
to what extent the chemisorption is reversible, and to consider how the 
present views of the parahydrogen conversion and hydrogen deuterium 
exchange would have to be modified. 

The Chemisorption of Hydrogen by Evaporated Tungsten Films.— 
The experimental study covers the temperature range 0° C to — 183° C 
and has been made at pressures up to lo”® mm. It will form the sub¬ 
stance of a forthcoming publication, and has given the following results. 

(i) For suSialler adsorbed amounts, the equilibrium gas pressure is 
immeasurably low, as found by Roberts. When, however, the adsorbed 
layer has passed a certain density of packing, the equilibrium pressure 
rises to sensible values, so that reversible adsorptions are observed, with 
isothermal heats falling from 14,000 cal. to some 3,000 cal. for the largest 
adsorbed amounts. Heats of van der Waals* adsorption of hydrogen 
do not seem to exceed 2,000 cal., so that these adsorptions must be of 
the chemical t3pe. 

(ii) Confirmation of this conclusion was obtained in the following 
manner. Areas of evaporated metal films may be controlled and repeated, 
and determination of the area of a given fiJm type has been made by 
measurement of both the 
oxygen and carbon mon¬ 
oxide chemisorptions. The 
relative amounts of oxy¬ 
gen chemisorption, carbon 
monoxide chemisorption 
and saturation hydrogen 
adsorption on films of 
equal area have been 
found to be very nearly 
1/2/1. This is taken as 
proof that the reversible 
hydrogen adsorptions de¬ 
scribed above essentially 
refer to a first-layer 
process, and are chemi¬ 
sorptions. 

(iii) From the results, 
rough values of fractional 
surface coverages under 
various conditions of 
temperature and pressure 
have been obtained. 

These are plotted as isotherms in Fig. i. It is seen that the coverage 
varies extremely slowly with temperature and pressure. This is believed 
to be the reason for Roberts' failure to detect these phenomena with his 
accommodation coefficient technique. 

’ Beeck, Rev, Mod, Physics, 1945, 17, 61. 



Fig. I. 




Ii6 THE PARA-HYDROGEN CONVERSION 

The Mechanism of the Parahydro^en Conversion at Tungsten 
Surfaces.—^The heat of adsorption of the process 

2W + Ha 2WH 

falls to far lower ^'alues than hitherto believed, so that the adsorption is 
partly reversible, even at — 183° C. This result caused us to reconsider 
the mechanism of the parahydrogen conversion. 

The kinetics of the conversion have been investigated in detail by 
Eley and Rideal.® The features are as follows ; 

(i) The energy of activation, as measured by a temperature coefficient 
of reaction velocity, is low. Reported values vary between 1,000 and 
3,800 cal., the average value of those obtained by Eley and Rideal being 
1,950 cal. 

(ii) The conversion at constant volume is always first order. 

(iii) Representing the rate of reaction as kp, k is found to depend on 
pressure, and between — 78° C and — 100® C and at pressures between 
I and 20 mm., 

kp = const, p^, 

where n varies between o-i and 0*5. 

(iv) At pressures around i mm., and between o® C and — 196® C, 
the number of molecules reacting per second per sq. cm. of catalyst 

= 2-6 X io*®e 

These characteristics of the reaction may then be calculated from the 
adsorption data, assuming the mechanism of eqn. (i), and compared with 
the experimental values. Now the adsorbed layer is mobile in the presence 
of a finite equilibrium gas pressure if only because molecules are continu¬ 
ally evaporating and condensing, thereby enabling the pattern of the 
adsorbed phase to alter and achieve a state of minimum energy. In 
this case, the expression for the rate of condensation of molecular hydrogen 
as atoms on pairs of adjacent sites is given ® by the expression 

R = . . . (3) 

where 6 is the fractional surface coverage, a the condensation coefficient 
and € is given by the equation 

1—6 I -)- € * 

where ri = 

V being the energy of repulsion of atoms adsorbed on adjacent sites. 
Assuming the mechanism of eqn. (i) to be correct, the rate of conversion 
can then be calculated from the rate of condensation, and using Lennard- 
Jones and Devonshire's * value of 0‘3 for the condensation coefficient, and 
a value 1200 cal. for V, it is found that 

(i) the temperature coefficient of the condensation rate gives an 
activation energy of some 1800 cal. ; 

(ii) the order at constant volume is unity, and at varying pressures 
less than unity ; 

(iii) the calculated absolute rate of conversion agrees with the experi¬ 
mental. 

These results make it probable that the conversion proceeds by the path 
of eqn. (i) 

* Peierls, Proc, Camb, Phil. Soc., 1936, 32, 471. 

* Lennard-Jones and Devonshire, Proc. Roy. Soc. A, 1936, 156, 6. 
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Experiments performed with evaporated nickel films have shown 
that the adsorption of hydrogen is very similar to that described for 
tungsten, the equilibrium gas pressure being appreciable when the surface 
coverage exceeds a certain value at room temperatures and below. 
Calorimetric work by Beebe and his collaborators has yielded a similar 
result for the surfaces of iron and of chromic oxide, for hydrogen is chemi¬ 
sorbed on both with a heat change of some 5000 cal. With these cata¬ 
lysts it may be concluded that the parahydrogen conversion and hydrogen 
deuterium exchange may also proceed by the condensation and re- 
evaporation of chemisorbed hydrogen, and it is probable that the mechan¬ 
ism will prove to be general. 

The Temperature Coefficient of Velocity of the Conversion.—^The 
activation energy of adsorption is at most a few hundred calories. The 
activation energy of desorption is therefore effectively equal to the heat 
of adsorption. On the basis of eqn. (i) the true energy of activation of 
the conversion must hence be the heat of adsorption. This is very much 
greater than that derived from a measurement of the temperature co- 
ef&cient of the velocity of the conversion. For example, under conditions 
where the heat of adsorption is 11,000 cal., the activation energy derived 
from the temperature coefficient is only 16 % of this figure. 

Now, the temperature coefficient of reaction is, from eqn. (3), 

V 2 V 7 \. (I - e,). (I + *,)/(! - e,). (r + o 

where the suffixes i and 2 refer to the two temperatures of measurement. 
The temperature coefficient therefore gives an apparent energy E which 
is determined by the change of d with T, and as indicated in Fig. i, this 
is very small. The reason is that in the particular region of surface 
coverage studied, the heat of adsorption is falling very rapidly as the 
surface fiUs. This may be seen in a general way by the following con¬ 
sideration. Imagine a surface 70 % covered by an adsorbate under 
given conditions of temperature and pressure, and then let its temperature 
be lowered. If the heat of adsorption AH is independent of surface 
coverage, let the drop in temperature increase the surface coverage to 
80 %. If, however, the heat falls very rapidly with increasing coverage, 
cooling the adsorbate, though causing condensation of gas, will cause less 
than in the above case as the condensation itself has the effect of weaken¬ 
ing the binding of the adsorbate. The coverage will therefore not in¬ 
crease to such a high value as 80 %. This is what is happening in the 
above case, and is responsible for the great disparity between E and AH. 
E has no relation to the true activation energy, being determined by the 
manner AH changes with increasing 0. It is certainly no measure of 
catalytic power. 

The following two points arise from these considerations. 

(i) The activation energy of a heterogeneous reaction is invariably 
obtained from a temperature coefficient of velocity at constant pressure. 
It has been shown the figure derived in this way may be quite unrelated 
to the energetics of the surface processes involved in reaction. A true 
energy of activation is only definitely obtained if the temperature co¬ 
efficient is measured at constant surface coverage of reactants, and this 
is not, of course, experimentally attainable. 

(ii) Smith and Taylor have measured the quantity E at different 
temj^rature ranges of working on zinc oxide surfaces, and have found 
considerable variations. Between 143 and 178° K, E has the value 600 
cal. In the range 195 to 373® K, E is roughly constant, but with the 
value 7000 ± 2000 cal. Above 373® K it is larger, and except for the 
interval 405 to 430® K, where E = o, has the rough value 12,000 cal. 

Beebe and Dowden, J. Amer. Chem. Soc., 1938, 60, 2912. 

Beebe and Stevens, ibid., 1940, 62, 2134. 

Smith and Taylor, ibid., 1938, 60, 363. 
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These results were cited as proof of the marked heterogeneity of the 
surface for chemisorption. The above analysis shows that the results 
may be due to var5dng rates of fall in 6 with increasing temperature, 
and it must first be decided whether these difierences, and the differing 
rates of change of AH with B which they indicate, require the concept of 
a non-uniform surface. 

The Royal Institution, 

21 Albemavle Street, 

London, W.i. 


HYDROGENATION CATALYSTS 

By O. Beeck 
Received •jih February, 1950 


The rate of the hydrogenation of ethylene over evaporated porous metal 
films of the transition elements is strongly depending on the heat of adsorption 
of ethylene, which (except for much higher absolute values) parallels that of 
hydrogen. When plotted against the ^f-character of the met^lic single bond 
(Pauling), both the heats of adsorption of ethylene (or hydrogen) and the rates 
of hydrogenation fall on smooth curves, such that the greater the d-character, 
the lower are the heats of adsorption and the higher the rates. Since the 
^-character is closely related to the atomic distances in the crystal lattice, 
especially in Group VIII elements, the dependence of catalytic activity on 
crystal parameter is largely, but not solely, a consequence of the nature of the 
metallic bond. 

The following mechanism for the hydrogenation is suggested. Depending 
on the heat of adsorption for ethylene, initial irreversible poisoning by acetylenic 
adsorption complexes, formed by self-hydrogenation of ethylene, renders the 
surface more or less inactive for hydrogenation. On the remaining part of the 
surface the overall rate of reaction is determined by the reaction of adsorbed 
ethylene (non-dissociative) with adsorbed hydrogen with an apparent activation 
energy of 10*7 kcal. for metals of Group VIII. Strong evidence is presented 
that a third type of a fast reaction with low activation energy is also involved. 
This reaction is thought not to necessitate empty crystallographic sitCvS for the 
separate adsorption of ethylene, but of being able to form the activated state 
on a surface already covered with hydrogen. 

Related phenomena, such as the cracking of ethane in the presence of 
hydrogen, the hydrogenation of acetylene, and the reaction of pread&orbed 
ethylene and acetylene with hydrogen, are also discussed. 

A systematic study of the catalytic hydrogenation of ethylene and 
other hydrocarbons on evaporated porous metal films has been carried 
out by the author and his collaborators during the past years. The 
experimental observations, which are briefly reviewed and discussed 
here, illustrate the surprising complexity of this apparently simple reaction, 
and demonstrate the difi&culty of arriving at any simple theory of catalytic 
activity in terms of any one kinetic scheme or any one property of the 
catalyst surface. It will be shown how chemical properties (electronic 
configuration) and the resultant physical properties (crystal parameter) 
of the catalyst surface influence the rate of reaction. 

Earlier results published by Beeck, Wheeler and Smith 1 with oriented 
and unoriented films suggested that the (no) plane is much more active 
as a catalyst for this reaction than any other simple plane of metallic 

^ Beeck, Smith and WTieeler, Proc, Roy, Soc, A, 1940, 177, 62. 
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nickel. Direct calorimetric measurements of the heats of adsorption 
have also been made.* 

Recently, new and direct experimental proof was obtained by Beeck 
and Ritchie ® that gas evaporated nickel films, showing (no) orientation 
parallel to the backing, actually expose (no) planes to the gas phase. 
By determining the surface through low-tempcraturc adsorption using 
the B.E.T. method and dividing the surface area obtained by the number 
of hydrogen atoms adsorbed on the same surface, the crystallographic 
site of the oriented film was found to be 8*65 A* in surprisingly good agree¬ 
ment with the X-ray value of 870 A*. Correspondingly the area of 
the site of unoriented films was found to be 6*17 A® which again agrees 
well with the X-ray value for the (100) plane of 6-15 A*. The latter 
agreement may be fortuitous, however, since the average size of the 
three major planes is 5-84 A®, very close to the value for the (100) plane. 
If, therefore, a number of planes along the cube edges were (no) planes 
and another number at the comers were (in) planes, an overall value 
close to that of the (100) plane would be expected. 

Beeck, Wheeler and Smith ^ have found that (no) oriented nickel 
films have at least five times the specific activity of oriented films for 
the hydrogenation of ethylene. In continuation of this work it was of 
great interest to investigate how far crystal geometry considerations 
could be used to explain the greatly different activities of other metals 
for this reaction. It was expected that metals with diffeient chemical 
properties would show diffciences in activity for reasons of their specific 
electronic configurations which in turn must be related to the crystal 
geometry in the sense that the former is the cause of the latter; This 
statement needs the further qualification that the catalyst must be able 
to chemisorb hydrogen and that in the absence of this prerequisite crystal 
geometry considerations become meaningless. (Pure copper, for instance, 
will not chemisorb hydrogen although its crystal parameter is very close 
to that of nickel; it also \vill not produce porous films except when 
evaporated at very low temperature.) Aside from these considerations, 
however, the distance at which two hydrogen atoms are chemisorbed 
should in itself for purely geometrical reasons affect the rate at which 
hydrogen is adsorbed and the rate at which the ethylene molecule picks 
up two hydrogen atoms from the surface especially if this reaction takes 
place without the adsorption of ethylene itself as will become apparent 
later. 

Beeck and Wheeler investigated the rate of hydrogenation of ethylene 
over evaporated films of iron, platinum, palladium, rhodium, chromium, 
tungsten and tantalum, in addition to nickel. The results of this in¬ 
vestigation have been published already in a preliminary report by Beeck * 
in which Fig. 5 shows the logarithm (used merely to accommodate the 
data) of the specific velocity constant against the crystal parameter of 
the various metals investigated. A smooth curve was obtained showing 
a maximum for rhodium at 375 A, this metal being several hundred 
times more active than nickel and 10* times more active than tungsten, 
based on the same hydrogen adsorption. 

In order to investigate the influence of the electronic structure of the 
different metals, Beeck, Cole and Wheeler ® measured the heats of adsorp¬ 
tion of hydrogen and ethylene (and other gases) on evaporated metal films. 
Of immediate interest is a comparison of oriented and unoriented nickel 
films. The results of this investigation have been briefly reported in Fig. 
6 and 7,* and Fig. 14,® and are also shown in Fig. i of this paper without 
the experimental points. The heats of adsorption at 23® C for both 

® Beeck, Cole and Wheeler, this Discussion. 

® Beeck and Ritchie, this Discussion. 

* Beeck, Rev. Mod. Physics, 1945, 17, 61. 

® Beeck, Advances in Catalysis, Vol. II (Academic Press, New York, 1950). 
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hydrogen and ethylene are the same for the two film types (with perhaps 
the heat of adsorption of hydrogen on oriented films 2 to 3 % greater 
than on unoriented films). The heat of adsorption of hydrogen is 31 
kcal. for the sparsely covered surface and decreases to 15 kcal. for the com¬ 
pletely covered surface. The conclusion was reached that this decrease 
is due to interaction of adsorbed atoms via the crystal lattice and that 
hydrogen atoms are mobile at 23° C in the sense that they can easily 
migrate from site to site, except perhaps for tungsten whore mobility 
seems to be somewhat impaired. At — 183° C hydrogen is still mobile 
on nickel and is adsorbed with the same heat of adsorption as at room 
temperature, while on iron at — 183° C it is immobile, with a constant 
incremental heat of adsorption (average value of the heat of adsorption 
at 23® C) which drops to very low values when the surface is completely 
covered. For further information the reader is referred to ref. 5 where 
the adsorption of hydrogen on metal films is discussed in great detail. 



The heat of adsorption of ethylene at 23° C decreases rapidly from 
58 kcal. to lower values with increasing adsorption. When ethylene is 
adsorbed at 23® C, only about 5 x lo^* molecules per 100 mg. of unoriented 
film (to be multiplied by 2 for oriented films) will be adsorbed practically 
mstantaneously and irreversibly. On addition of more ethylene, ethane 
will appear in the gas phase and when 12-5 x lo^® molecules are adsorbed 
the same number of ethane molecules will be in the gas phase, leaving 
an adsorbate of acetylenic nature on the surface. This process is still 
very fast, in agreement with the immeasurably fast rate when adsorbed 
hydrogen reacts with ethylene from the gas phase. Apparently ethylene 
adsorption leads to dissociation of the ethylene molecule into two hydrogen 
atoms and an aoet^denic residue, which, however, as will be mentioned 
later, does not behave like acetylene itself. Upon adding more ethylene 
the process of self-hydrogenation will proceed more slowly, and the com¬ 
position of the adsorbate for very large admissions (80 x io« molecules 
per 100 mg.) becomes C„Ho.4„. The molecules in the adsorbate also 
polymerize, as will be discussed later. 

•xxr of adsorption of hydrogen on Rh, Ni, Fe and 

W as a function of fraction of surface covered where the adsorption at 


K re-evaluation has shown that the initial value for Ta is likely 

to be at least as high as that for W— see also Fig. 3. ^ 
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o-i mm. pressure is taken to represent total coverage. Tantalum showed 
strong exothermic absorption into the structure, with 860 x lo^® mole¬ 
cules of hydrogen adsorbed and absorbed at 1*3 mm. The original curve 
for tantalum shows a clear break where adsorption is complete and this 
point was used for complete coverage. Fig. 2 shows the heats of adsorp¬ 
tion cf ethylene as a function of number of molecules adsorbed for 100 mg. 
of film. All films were high vacuum evaporated. 

An especially careful study was made of the rate of reaction and of 
reaction products when hydrogen from the gas phase reacts with ethylene 
that is pre-adsorbed on oriented and unoriented nickel films. Reaction 
rates and products are identical for 


both types of film. At 23° C, 20 % v Mo/ecu Its ads.j 100 mg 

of the adsorbed residue can be \ 

reacted off in i hr. The product is \ 

about 90 % saturated polymers (C4 _ \ 

to Cfi and higher) and 10 % ethane. \ 

Similar experiments with rhodium \ 

at 23® C yield 60 % of the adsorbate \ 

in I min. (and nearly 100 % with 5. N. 

long contact times), the product \ ^ 

being primarily ethane wdth only a "l \ 

few per cent, polymer. \ 

When ethylene is pre-adsorbed _ "S \ VV \ 

on nickel, the initial rate of hydro- 8^"^ \ \ 

genation at o® C is decreased by \ \ 

60 %; when pre-adsorbed on tan- ^ \ \ 

talum or tungsten the rate is de- \ \ 

creased by factors of ten and five, A \ \ 

respectively; however, a decrease \\ ® \ \ 

of only a few per cent, is noted o \ > 

when ethylene is pre-adsorbed on _ \ 

rhodium or platinum. Pre-adsorbed 40 

acetylene cannot be hydrogenated \ 

off nickel at 23® C but 40 % of pre- ^ 

adsorbed acetylene can be hydro- _ \ 

genated off rhodium in i ^ *._Heats of adsorption of ethyl- 

It has been sho^m in ref. 4 (p. 69, ^ 

Fig. 9) that the apparent activation 

energy for the hydrogenation of ethylene over nickel films is 10*7 kcal. 
and identical for (no) oriented and non-oriented films, although the 
activity of the former is at least 5 times that of the latter. In the figure 
referred to, the rate values for the two film types were adjusted to be 
identical at o® C for easy comparison. It is of particular interest that 
the activation energy for the same reaction over rhodium w'as found to 
be 10*7 kcal. also, although the rate over this metal is several hundred 
times faster than over nickel. In contrast to this, the activation energy 
over tungsten was found to be only 2-4 kcal. although the rate over tungsten 
is 20 times lower than over non-oriented nickel. However, the initial 
rate over tungsten when an equal molar gas mixture is admitted is 10 
times faster than the final rate which is strictly first order and which was 
used for comparison with other metals. The initial rate (about 20-30 sec. 
after admitting the gas mixture) was therefore o-i times that of non- 
oriented nickel films. Tantalum is similar in its behaviour. 


Fig. 2 ,—^Heats of adsorption of ethyl- 


Another series of experiments (Beeck, Ritchie and Wheeler) was 
concerned with the cracking of ethane on evaporated metal films at about 
200-250® C. If pure ethane is admitted to a nickel film, the rate of this 
reaction decreases to zero within a short time with only a very small amount 
of the ethane having reacted. With equal molar mixtures of ethane and 
hydrogen the reaction CjH® -f- H2 2CH4 proceeds on nickel with zero 
order and an activation energy of 48*4 kcal. The rate is 6 times faster 
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on (no) oriented than on nnonented nickel films. The rate o\'er 
rhodium is 60,000 times faster than over unonented nickel njms. ii 
residues are formed on both nickel and rhodium by admitting ethane 
to the films at 225° C, these residues can be removed by hydrogen Irom 
the gas phase with methane formation only, the rate being much faster 
in the case of rhodium. Residues thus formed cannot be removed by 
hydrogen at 23° C, except for a very small amount of methane foOTatiou 
in case of rhodium. If residues formed on both metals at 23 C are 
heated to 225'=’C, hydrogen and a little methane evaporate Ironi the 
nickel film and methane with a little hydrogen evaporate from the 
rhodium film. When the remaining lesidues are contacted with hydrogen 

at 225° C, methane only is formed. . , . v . . 

Some experiments were also carried out (Beeck and Ritchie) to invest^ 
gate the influence of crystal geometry on benzene hydrogenation ^ and 
cyclohexane dehydrogenation. Both oriented and unoriented ni^el 
films were equally active for the benzene hydrogenation at 58 C. The 
rates were very low (independent of the benzene prcssuie and propor¬ 
tional to the o*44th power of hydrogen pressure) and hydrogenation pro¬ 
ceeds most likely through the adsorbed state of benzene. The apparent 
activation energy was 8*7 kcal. Nickel was found to be 2*3 times more 
active than iron. 

Cyclohexane dehydrogenation proceeds fast at 325^0 over unonented 
platinum films, partially (no) oriented films being 10 times less active. 
An activation of 9*3 kcal. was found for this reaction, which in its first 
half is first ordei with respect to cyclohexane but is increasingly poisoned 
b}’- benzene in the second half. 

Beeck and Wheeler have also carried out experiments on acetylene 
hydrogenation with the result that iron and tungsten were found to be 
inactive at 23® C; nickel was mildly active (2 X 10** to 2 X 10® less active 
than for ethylene hydrogenation), rhodium and platinum were 10 times 
more active thflu nickel, and palladium 20 times more active. Maximum 
activity is found for palladium and not for rhodium as in the case of 
ethylene. The activation energy for acetylene hydrogenation on all 
four metals was 6 to 7 kcal. A thorough kinetic study was made of the 
acetylene hydrogenation also in the presence of ethylene where selective 
hydrogenation of acetylene takes place. 

Discussion.—It has been suggested already (Beeck *) that the overall 
rate of hydrogenation is proportional to the fraction of surface not covered 
by adsorbed ethylene and to the ethylene pressure itself. This not only 
accounts for the observed kinetics : 

but ofiers a satisfactory explanation for all other experimental facts. 
According to this mechanism the fast process is the reaction of adsorbed 
hydrogen with ethylene from the gas phase without adsoiption of the 
ethylene itself. The high rate of this process is substantiated by the 
experimental fact that the reaction of pre-adsorbed hydrogen with 
ethylene at very low pressure and at — 79® C is practically instantaneous. 
At this temperature ethylene does not self-hydxogenate. The slow and 
rate-determining process is the removal of adsorbed ethylene from the 
surface by hydrogenation with adsorbed hydrogen. The rate of this 
reaction will, under steady state conditions, determine the surface avail¬ 
able for the fast reaction. The initial step of poisoning the surface with 
ethylene proceeds most likely through the adsorption of ethylene on 
two crystallographic sites but does not lead to formation of acetylenic 
complexes except when four adjacent sites are empty to accommodate 
the two hydrogen atoms. The heat of adsorption of ethylene on two sites 
is not directly known but must be relatively low, perhaps of the order 
of 10 to 15 kcal. The heat of adsorption of hydrogen on a well-covered 
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surface may be taken as 15 to 20 kcal. Reaction between the two re¬ 
actants with an activation energy of 10*7 kcal. may reasonably be ex¬ 
pected. Once ethylene adsorption has led to the formation of acetylenic 
complexes and to polymerization, the surface is irreversibly poisoned 
since the rate of removal of these materials by hydrogen was found to be 
very low. This explains why surfaces initially contacted with ethylene 
(and successive runs over the same catalyst) have lower activities. In 
the case of tungsten with its high heat of adsorption for ethylene the 
poisoning process is actually observable and proceeds apparently to a 
point where the formation of acetylenic complexes becomes impossible 
due to the fact that four adjacent sites are no longer available. Under 
these conditions the surface available becomes constant and the rate of 
removal of adsorbed ethylene is no longer rate determining. The rate 
is now primarily determined by the fast reaction of adsorbed hydrogen 
with ethylene fiom the gas phase. The low activation energy of the fast 
reaction should therefore prevail. An intermediate stage must, of course, 
be expected. This mechanism not only explains satisfactorily the low 
activation energy of the slow reaction on tungsten but also represents 
an indirect proof for existence of the fast hydrogenation reaction. 

In order to explain the (at least) five-fold activity (based on the same 
hydrogen adsorption) of (no) oriented nickel films over unoriented films, 
both having the same activation energy, it must either be concluded that 
the rate-determining surface reaction between adsorbed hydrogen and 
adsorbed ethylene has a higher frequency factor for geometrical reasons 
or that the fraction of surface initially poisoned by acetylenic complexes 
and polymers is larger for unoriented films due to the higher metal atom 
density in the surface of these films, which may facilitate the formation 
of these complexes and of polymers. It is possible, of course, that both 
factors are involved. However, the latter factor, i.e. the formation of 
acetylenic complexes and polymer formation, seems to outweigh the former 
when different metals are compared since it was shown that the heats 
of adsorption of ethylene differ largely, rhodium having the lowest heat, 
the least polymer formation, and the fastest rate for removal of adsorbed 
residues by hydrogen. In fact, if the specific activities of the different 
metals studied are plotted against the heats of adsorption of either 
hydrogen or ethylene (Figs, i and 2), it is seen that the lower the heats 
of adsorption, the higher are the activities. 

The tenfold activity for the dehydrogenation of cyclohexane by un¬ 
oriented platinum films in comparison with partially (no) oriented films 
could be explained on geometrical grounds following the hypothesis of 
Balandin,* according to which the simultaneous removal of 6 hydrogen 
atoms from the cyclohexane molecule is facilitated by the octahedral 
faces (in planes) of face-centred cubic lattices. It appears hkely that 
the influence of surface geometiy should be particutoly large for this 
reaction and the observed kinetics favour the dehydrogenation reaction 
proper to be rate determining. 

The six-fold activity of (no) oriented nickel films for the cracking of 
ethane in the presence of hydrogen at 225® C in comparison to unoriented 
films is of particular interest since in this zero-order reaction the late 
must be determined by the formation of methane on the surface from 
radicals produced by ethane. The activation energy for hydrogenation 
of these radicals, which is equal to that of the over-all reaction, was found 
to be about 48 kcal., almost five times greater than the activation energy 
for the removal of adsorbed ethylene. This shows clearly that ethylene 
cannot have been adsorbed as a true radical but has form^ partial bonds 
only. This conclusion is in agreement with the fact that acetylenic 
complexes formed by the adsorption of ethylene behave chemically 
differently from adsorbed acetylene. It does not seem likely that the 
rate of methane formation from a singly-bonded radical should be increased 
materially by the wider spacing in the (no) plane especially since the 
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(no) plane is the plane of highest surface energy (although this is only 
home out by a marginal increase of the heat of adsorption of hydrogen, 
almost within the limits oi experimental error). Conversely it vvill be 
more difficult to remove CHa, CH and C radicals from the denser planes 
since multiple bonds of carbon with the metal atoms in the surface are 
more likely to be formed, which would lead to a preferential poisoning 
of unoriented films. 

It is of interest to note that palladium is more active for the hydro¬ 
genation of acetylene than rhodium, although the reverse is true for 
ethylene. In this case the geemetneal factor seems to outweigh the 
over-all heat of adsorption picture, probably because the bond-forming 
character of the two metals is very nearly the same. 

It has been pointed out repeatedly by the author that geometiic con¬ 
siderations are meaningless in catalysis unless the prerequisite of adsorp¬ 
tion is fulfilled. However, if the surface is capable of making chemical 
bonds wdth the adsorbate, the distance of the atoms in the surface must 
influence the activation energy in cases such as the adsorptive dissociation 
of hydrogen,®* « the hydrogenation of the double bond, polymerization 
on the surface, etc. Both hydrogen adsorption and hydrogenation of 
gas phase ethylene by adsorbed hydrogen have extremely low activation 
energies and are not rate determining. Small differences in heat of ad¬ 
sorption of hydrogen cannot therefore influence the rates. Rate deter¬ 
mining in the broadest sense is the poisoning of the surface by adsorbed 
ethylene and its degradation products. This poisoning depends in general 
on the ability of the metal surface to make strong bonds with carbon. 
The simplest and most direct way to measure the energy of these bonds 
is by measuring the heats of adsorption of the ethylene or acetylene. 
Fig. 2 shows how the heat of adsorption increases from rhodium to 
tantalum, this increase corresponding to a decrease in catalytic activity 
by a factor lo*. The heats of adsorption of hydrogen and ethylene on 
chromium (not shown in the Figures) are almost identical with those for 
tungsten and correspondingly the catalytic activities aire nearly the 
same. This is of interest because chromium, which has a lattice spacing 
almost identical to one of the spacings in iron, did not fall on the smooth 
curve of activity against lattice distance (ref. 4 Fig. 5) showing clearly 
that the nature of the chemical bond can outweigh completely any geo¬ 
metrical effect. The apparent correlation of catalytic activity with the 
interatomic spacing of different metals may well arise from two causes, 
of which the electronic configuration is the more important one and is 
reflected by the crystal parameters of the metals. The geometrical 
factors can outweigh the purely chemical factors, however, when different 
planes of the same metal are considered, in which case the resulting differ¬ 
ences in chemical bonding of the adsorbate on the surface have their 
cause in crystal geometry. 

The next step in any attempt to further elucidate the phenomenon 
of heterogeneous catalysis must involve the correlation of heats of ad¬ 
sorption (strength of surface bonds) with the nature of the chemical bond 
in metals, intermetallic compounds, oxides, etc. This was pointed out 
appropriately in a recent note* where work by Dowden and Reynolds, 
Eley, Maxted, and Anderson is briefly reported. In the absence of a 
general theoretical picture of surface states, Beeck et aL (this work was 
started in 1940) have preferred to measure heats of adsorption rather 
than to derive them from theoretical considerations, although the time 
is probably ripe now to do both, as the encouraging results reported® 
would indicate, both in the light of the older band theory of metals and 
in the newer resonating-valence-bond theory (Pauling). According to 

® Belandin, Z. fhysik. Chem. B, 1929. 3 , 289 ; 1929, 3, 167. 

’ Sherman and Eyrmg, J. Amer. Chem. Soc.^ 1932, 5^ 2661. 

®Okamoto, Horiuti and Hirota, Sci. Pap. Inst. Pkys. Chem. Res., Tokyo, 
1936, 29, 223. » Nature, 1949, 164, 50. 
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Pauling,^® the number of empty atomic orbitals decreases as the i?-band 
is filled. Assuming that the surface states are, qualitatively- at least, 
related to the electron configuration of the bulk of the metal, one may 
expect that metals with a large d-character of their metallic bond will 
have less orbitals available for bonding with the adsorbate than those 
with a small <^-character. This is borne out by the measured heats of 
adsorption of hydrogen and especially of ethylene on the scries of metals 
investigated where the heat of adsorption decreases with the increasing 
^?-character of the bond. This was correctly anticipated by Dowden and 
Reynolds ® and was independently and indirectly suggested by Boudart,^^ 
who relates the -character of the metallic bond directly to the activities 
reported by Bseck et al* without having had knowledge of the cor¬ 
relation between activity and heats of adsorption of ethylene first reported 
in this paper. The discrepancy in the relation of ^?-character and activity 
which Boudart points out for tungsten does not apply, however, to the 
heats of adsorption measurements which were shown in this paper to 
be almost identical tor tungsten and chromium. 

The short report,® as well as a more recent letter by Couper and Eley,i® 
takes the view of minimizing the importance of crystal parameter con¬ 
siderations. While this is possibly true for the ortho-para hydrogen ccn- 
ver.sion (if adsorption of the hydrogen molecule by a single surface atom 
of palladium is sufficient for this conversion), the crystal parameter can 
certainly not be neglected when dissociation (or partial dissociation) of 
a hydrogen molecule through a two-point adsorption is an apparently 
necessary prerequisite for hydrogenation at low temperature. 

It was pointed out ^ already in 1940 that pure copper films do not 
adsorb hydrogen at — 183° C (at which temperature they could be pre¬ 
pared with a large surface) and do not show any activity at room tem¬ 
perature or higher unless they were prepared by evaporation in hydrogen 
at — 183° C, and then only to the extent of 10-® of the acti\dty of nickel 
films for the same weight. This was taken as proof that pure copper does 
not chemisorb hydrogen. It is quite plausible therefore that if copper 
and nickel atoms were to occupy alternate positions in the surface lattice, 
the dissociative adsorption of hydrogen could be impaired. If in addition 
the valency electrons of copper fill up the holes in the 3if-band of nickel, 
both processes may have to be considered simultaneously, and this may 
well be the reason why in the work of Dowden and Reynolds ® 30 to 40 
atomic per cent, of copper decrease the activity of the copper-nickel 
alloy to very low values while the magnetic measurements show that 
60 atomic per cent, are necessary to fill up the 3if-band of nickel. Such 
considerations are of course not necessary when acti\-ation through the 
formation of a singly-bonded activated complex is sufficient as for instance 
in the isomeiization and deuterium exchange of hydrocarbons catalyzed 
by aluminium chloride or bromide, or sulphuric acid where the acti\-atcd 
complex (carbonium ion type) is formed by a single bond. 

A good indication that even hydrogen atoms are using ^-character 
bond energy” for adsorption on metals is shown by- the decrease of heats 
of adsorption as a function of fraction of surface covered, especially with 
metals which have metallic bonds of a low ^f-character. The hy-drogen 
bonding energy and the bonding energy in general of these metal surfaces 
can be lowered substantially by pre-adsorption of nitrogen. Such a 
" nitrided '' surface is in principle equivalent to an intermetallic com¬ 
pound or alloy but is more easily prepared with evaporated metal films. 

As an example. Fig. 3 in the paper by Beeck et alM shows the heat 

1® Proc. Roy. Soc. A, 1949, 196, 343. 

/. Amer. Chem, Soc. (in press). 

1® Nature, 1949, 164, 57S. 

13 Beeck, Otvos, Stevenson and Wagner, J. Che^n. Physics, 1949, 17, 418 
and 419 ; 1948, 16, 225 and 745. This Discussion. 
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of adsorption at room temperature of nitrogen on tantalum and the heat 
of adsorption of hydrogen on a nitiogen-covered surface. The initial 
heat of adsorption of hydrogen on the nitrogen-covered surface (27 kcal.) 
can be compared with that of pure tantalum in Fig. i of the same paper 
(45 kcal.). 

Shell Development Company, 

Emeryville, 

California, 


Addendum. —^Additional Figures (3 to 8) were presented at the 
Discussion. Fig. 4 and 5 show the heats of adsorption (initial heats, sparsely 
covered surface) for ethylene and hydrogen respectively plotted against the 
logarithm of the velocity constant of the hydrogenation reaction. Of 
particular interest is the large increase in rate from iron to rhodium for 
the relatively small decrease in heat of adsorption. This fact is borne out 

more strongly when the heats of 
adsorption of ethylene are plotted 
against % i?-character of the 
metallic single bond (Fig. 5). 
Noteworthy is the fact that a 
much smoother curve is obtained 
in this correlation as well as in the 
plot of % £?-character against log 
k shown in Fig. 7. The value for 
tungsten shown in the Figure 
refers to the usually body-centred 
cubic structure [a = 3*15 A), 

whereas tungsten evaporated on 
to a cold surface wiU crystallize 
in a face-centred cubic form 
(a = 4-17 A). This consideration 
brings the points for tungsten in 
Fig, 6 and 7 back on the curve. 
Of further interest is the fact that 
the point for oriented nickel falls 
definitely outside the smooth curve, 
indicating that this parameter 
ejBEect is a purely geometrical one, 
especially since the <^-character of 
the metallic bonds of the surface 
atoms could not be larger in this 
plane, but only smaller, a fact that 
is borne out by the slightly higher heats of adsorption for hydrogen on 
the (no) plane. Since the <?-character of the metallic bond is closely 
associated with the distance between nearest neighbours (especially in 
Group VIII elements), it is not surprising that a plot of log k of the 
hydrogenation reaction against cry^tsl parameter (the long distances 
were chosen since they appear to be operative in this reaction for 
geometrical reasons) reflects both the measured heats of adsorption 
(total bond energies) as well as the % ^-character as shown in Fig. 8, 
where the % d!-c 3 iaracter value for tungsten falls actually on the curve 
as explained above. 

A further interesting correlation was suggested by Dr. G. C. A. Schuit 
of the Koninklijke/Sh^-Laboratorium, Amsterdam, in this Discussion. 

Private comimmication by F, H. Horn, General Electric Co., Schenectady. 
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ON THE EXISTENCE OF ACTIVE CENTRES 
IN CHEMICAL ADSORPTION AND 
CONTACT CATALYSIS 

By a. Eucken 
Received 2^ih January, 1950 

The problem as to whether chemisorption and cataljiiic reaction occur over 
the whole available surface of a catalyst or only at active centres is discussed. 
The apparent heterogeneity arising from mutual interaction of adsorbed par¬ 
ticles and the possibility of difierent states of the adsorbate on the surface are 
considered in detail for the adsorption of hydrogen on highly activated nickel. 
It is concluded that the supposed efiect of active defects should be rejected and 
that the essential part is played by the active intermediate states of the adsorbed 
reactant. 
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A final answer has not yet been given to the question as to whether 
chemical adsorption or catalytic reaction occurs on the whole available 
surface of the solid adsorbent or catalyst, or only at certain places (active 
centres). It is, however, doubtful having regard to the complexity of 
this field, whether this question can ever be completely answered. It 
should therefore be noted that the conclusions obtained here depend on 
a limited number of facts, and that difierent conclusions might be obtained 
with different types of adsorption processes or catalytic reactions. 

It is advisable to consider the existence of active centres in chemical 
adsorption separately from contact catalysis since, contrary to a view 
held earlier, it appears that the chemical adsorption of any particle is 
frequently, but by no means always, connected with an increase of its 
chemical reactivity (for this reason the term “ activated adsorption ”, 
which is frequently used, is not considered suitable). 

Chemical Adsorption.—Two cases of the inhomogeneity of solid 
surfaces in regard to chemical adsorption can a priori be distinguished. 

(i) The heat of adsorption and also the activation energy often varies 
considerably with coverage, and this has led to the conception of the 
existence of a continuous spectrum of adsorption centres of different activity, 
which might be identified with the lattice defects of the contact surface. 

(ii) On heating, the adsorption isobar frequently shows two maxima 
which, following H. S. Taylor, are considered as an indication of the 
existence of two (homogeneous) regions, whose adsorption capacity differs 
from that of the bulk. No details are given as to how this comes about. 
We can consider these two regions as crystal planes having different 
arrangements. Fundamentally, however, at least with the ionic type 
of adsorbent, it is possible to consider this difference as being determined 
by the individual lattice units, for example, the one as an adsorption 
on the cations, and the other on the anions. An alternative interpreta¬ 
tion of these two adsorption effects which will apply to monatomic ad¬ 
sorbents (pure metals) and in part also to salts (oxides, etc.), can be pro¬ 
posed. 

(i) The Surface is Perfectly Homogeneous in Regard to its 
Adsorption Properties. —^The apparent inhomogeneity (the existence 
of a spectrum of active centres) then arises from the influence of the ad¬ 
sorbed particles on each other, since a particle is less tightly held in the 
immediate environment of another adsorbed particle than on a completely 
clean surface.^ If we assume this kind of mutual interaction* it is clear 
that the heat of adsorption continually decreases with increasing coverage 
of the surface. 

(ii) Different States of the Adsorbate can Exist on the Homo¬ 
geneous Surface, i.e. the steps in the adsorption isobars are not associ¬ 
ated with the regions of different activity of the surface. These two 
theories mil be discussed in detail for the adsorption of hydrogen on highly 
active nickel. 

The shape of a typical adsorption isobar is sho%vn in Fig. i. Two 
maxima occur with heating, the first being not strongly marked and only 
observed at relatively low pressures (approximately lo-® mm. Hg). It 
can be shown thermodynamically for the adsorption equilibrium above 
273® K that the hydrogen is essentially atomically bound to the surface. 

1 For example in the chemical adsorption of hydrogen atoms on a metal 
(e.g. Ni) the interaction between adsorbed hydrogen atoms occurs in the 
following way. As the metal surface possesses a certain electron af&nity, the 
hydrogen atoms become positively polarized, and consequently there is coulombic 
repulsion between them. Furthermore as more hydrogen atoms become 
available as electron donors, the electron a&dty of the metal surface becomes 
satisfied. At the same time the binding energy of the individual hydrogen 
atoms decreases. 

* Recently this point of view has been expressed by Beeck (Rev, Mod, Physics, 
1945, 17, 61); cf. also Herington and Rideal (Traws. Faraday Soc„ 1944, 40, 505). 

E 



THE EXISTENCE OF ACTIVE CENTRES 


130 


Thus the first maximum of the adsorption isobar can be ascribed to an 
adsorption of molecules, similar in type to an atomic adsorption of a chem¬ 
ical nature, since physical (van der Waals') adsorption is only observed 
at much lower temperatures (in the region of liquid hydrogen). The 
heat of adsorption is estimated to be about 6 kcal./mole, i.e. it is relatively 
small, so that on heating, desorption occurs at about 200° K, and at 
273® K the fraction of the surface covered by molecules falls to about 
I %. However, one would have to assume, not only at this tcmpera.ture 
but also at higher temperatures, that the hydrogen is primarily adsorbed 
as molecules. The adsorbed molecules subsequently dissociate more or 
less rapidly into atoms, which are initially closely packed but later diffuse 



Fig. I. 

Isobars of adsorption velocities (schematically). 



Fig. 2. 

H2 adsorption isobars at 10-* mm. Hg on 28*8 g. Ni powder. 
Desorption graphs. 

□ E^t* ^ completely pure Ni surface. 

A Expt. 35. Previous covering at 100° C after adsorption at 0° C. 

O Expt. 33. Adsorption at 100® C. 

Adsorption graphs. 

O Expt. 33 from 200 to 100° C. 


—O Expt. 36 from 100® to o® C. 


apart (slowly at the lower temperatures and more rapidly at higher 
temf«ratures), since according to the above consideration a uniform 
distribution of the atoms over the whole surface corresponds to minimum 
potential energy. 
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The shape of the isobar on subsequent cooling is abnormal. Contrary 
to a number of other investigators, a smaller amount of material is ad¬ 
sorbed in the range 260° K to 360® K on subsequent cooling, than on heat¬ 
ing (Fig. I and 2). The effect becomes clearer on comparing the two 
velocity isotherms at 0° C (Fig. 3). Here, the adsorption was in some- 
cases on pure nickel and in others on a nickel preparation which had been 
previously covered with hydrogen at 100® and 200® C respectively. 



Fig. 3. 


O Expt. 28*1 

0-j- Expt. 31 I Adsorption without previous covering. 

O Expt. 37J 

A Expt. 29. Adsorption after previous covering at 100° C. 
□ Expt. 32. Adsorption after previous covering at 200® C. 
Isotherms of adsorption velocities at 0° C (23*0 g. Ni). 


This result can hardly be explained by the assumption of two separate 
regions (independent of each other), since in such circumstance there is 
no reason to expect previous covering to cause a decrease in the ad¬ 
sorption velocity. On the contrary, it can be regarded as a poisoning 
of the total surface by the adsorbed atomic hydrogen. On the basis of 
the assumption previously made, we can visualise this effect as follows. 

Since the atoms adsorbed at 100® C are almost uniformly distributed 
over the sunace, then during cooling only those places with relatively 
small adsorption activity are available for adsorption. Moreover the 
dissociation and diffusion of the newly-formed atoms vnU be greatly 
hindered by atoms already present in stable positions, so that establish¬ 
ment of the final stable state, which is characterized by the most uniform 
distribution of hydrogen atoms over the total surface, is made much more 
difficult than on a surface initially completely unoccupied. 

One might expect to find similar effects during the adsorption of 
hydrogen on other metals; in the experiments of Emmett and Harkness 
(1935) adsorption isobars with two maxima are obtained for the system 
Fe—Hg. Unfortunately, in the isobars as yet determined for other metals 
and gases, the decreasing temperature branches are lacking in almost 
every case. 

The results obtained with the Ni—system wiU probably not be 
directly comparable with those obtained with salt-t>pe catalysts, as con¬ 
ditions with these vary considerably from case to case. In Fig. 4 the full 
line shows an isobar recently obtained for the adsorption of hydrogen on 
WSj. The quantities of gas chemically adsorbed (near saturation) are 
approximately the same as for physical adsorption; therefore the total 
surface is active in the chemical adsorption. Evidently two processes 
are superimposed which correspond to the dotted lines i and 2 in the 
graph. It is probable that the first graph corresponds to a chemical 
(atomic) adsorption and the second, to a solution of hydrogen. The 
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heat of adsorption (approximately 17 kcal./mole) changes relatively little 
with coverage, at least within the region where measurements could be 
made. The influence of the adsorbed particles on each other is in this 
case smaller than for a metallic surface. A number of other salt-type 
solid surfaces show analogous behaviour to that of the metal and WS*, as 
here again the physically and chemically active surfaces practically 
coincide. 

One of the few exceptions is y-AlaOg for which only about 10 % 
of the physically active surface is shown to be reactive in the adsorption 



of steam and alcohols. Here the lattice defects must be responsible for 
the preferred chemical adsorption. This can easily be understood as 
the lattice of y-AlgOg is known to be of the spinel type in which the 
Mg*+ ions are replaced by an equivalent number of Al®"^ ions ; to main¬ 
tain electroneutrality 33 % of the original sites occupied by Mg®+ ions 
(a total of about 10 % of the cation lattice sites of the spinel) must remain 
unoccupied. In the environment of such “ holes there are regions of 
excess negative charge, which can now interact with the hydrogen atoms 
of the hydroxyl groups of water and the alcohols, and thus cause strong 
adsorption. Apparently we are concerned here with a reinforced hydrogen- 
bridge binding. 

Contact Catalysis. —^We shall confine ourselves to the discussion 
of a typical example of low temperature catalysis, since in high temper¬ 
ature catal3rsis (e.g. the catal5rtic combination of H atoms to molecules 
on metals) there is no doubt that the total surface is catalytically active. 

However, it may at first appear as though in low temperature catalysis, 
e.g. the hydrogenation of unsaturated hydrocarbons in the region of 
of o® C, the chemical change occurs only on a negligibly small fraction of 
the contact surface, i.e. as if the assumption of the existence of active 
centres cannot be avoided. 

As an example we may quote an experiment by Toyama (1937) smd 
its interpretation. It deals with the hydrogenation of ethylene on the 
surface of a Ni powder at a pressure of about i mm. Hg. The reaction 
is zero order with respect to ethylene, and first order with respect to 
hydrogen. 

Ta^ng the reaction velocity as 

— — I / no. of moles \ 

?Hi (gas) \sec. mm. Hg. cm.®/' 

a value of the order of i x per cm.* of the contact surface was ob¬ 
tained, Ass um i n g that every H* molecule from the gas phase, colliding 
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with sufficient energy with the ethylene adsorbed on the surface leads to 
a reaction, an activation energy of 5000 cal./mole and a value of 2*5 x lO”’ 
for dw/d^ are obtained. The collision factor is approximately 4 x 10“®, 
which may be taken to mean that only a very small part of the total 
surface is catal3rtically active. 

This and similar results support the view that the reaction only occurs 
on a relatively few small centres of the surface; but the problem can 
by no means be regarded as finally solved. Some experiments under¬ 
taken with a view to a solution of the problem showed first of all that 
ethylene at normal pressures has a strong poisoning effect ® on the reaction. 
Starting with a carefully cleaned surface and allowing the reactants to 
react simultaneously at low pressures (of about io~® to io~^ mm. Hg), 
values 100 times greater are obtained for the reaction velocity. In order 
to remove the possibility of any poisoning effect remaining even at low 
pressures, an attempt was made to replace the ethylene by a hydrocarbon 
the poisoning effect of which would be much less. It was shown that 
cyclohexene served this purpose, and was also very suitable for use in 
other contact catalytic hydrogenation experiments. 

The real clue to the understanding of the processes occurring in the 
low-temperature hydrogenation on Ni was found in experiments with a 
relatively large amount of solid, on which one of the reactants was adsorbed; 
the other was subsequently added and allowed to react from the gas phase. 
If cyclohexene was adsorbed, and then hydrogen allowed to react in this 
manner, only a negligibly small amount of CgHig was formed. If, however 
the hydrogen was adsorbed and the cyclohexene subsequently added, a 
considerable change was obtained. This surprisingly depended to a 
great extent upon the time interval between adsorption of the hydrogen 
and addition of the CeHio* It was also of importance whether the 
hydrogen was adsorbed at o® C or 100® C. 

TABLE I.—Hydrogenation Experiments. Surface Previously Covered 

WITH Hydrogen 


Ni powder (670 mg.); reaction temperature: o® C 


Expt. No. 

Relative 
Covering 
of Surface 
with H» 

Temp, of 
Previous 
Covering 

rc) 

Time between 
Covering and 
Start of 
Reaction 

Z)uration 

of 

Reaction 

(min.) 

Yield of 

CeHia 

(%) 

I 

0.200 

0 

35 sec. 

5 

86 

2 

0-172 

0 

35 

»» 

5 

80 

3 1 

0*143 , 

0 

20 min. 

5 

17 

4 

0-404 1 

0 

20 


5 

45 

5 

0-400 1 

0 

20 


15 

66 

b 

0-286 

100 

20 


2 

12 

7 

0-280 

100 

20 


5 

19 

S 

0-306 

0 

20 


5 

35 

9 " 

0-310 

i —46 

10 


5 

68 


* At — 46° C for reaction temperature. 


The results are summarized in Table I. It can be seen that the 
atomically adsorbed hydrogen, distributed over the w^hole surface, is 
apparently not capable of reaction. The fact that the reactivity of the 
hydrogen adsorbed at o® C for a short duration of adsorption is rather 
large but decreases rapidly with time, may mean that the adsorbed 
mdecules cause the reaction, prior to their dissociation and subsequent 
diffusion as atoms. A more detailed quantitative calculation of the 
reaction kinetics indicates that the adsorbed molecules as such most 
® Pease {1923) was the first to point this out. 
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probably do not determine the kinetics of the reaction. Finally we may 
suppose that a characteristic maximum of the reactivity is reached im¬ 
mediately after their dissociation i.e. in a state where two hydrogen atoms 
are still close together or form a H-atom pair. 

On the basis of this picture it is possible to calculate the course of the 
catalytic hydrogenation of CcHio from the gas phase on Ni, if we assume 
that the change of coverage per unit time ©ng is proportional to the 
number of H atom pairs and to the number per sec. colliding with CeHio 
molecules from the gas phase. The adsorption velocity of the hydrogen 
also enters into the process, but for this a sujSiciently accurate empirical 
expression is available. 

In the final expression for the reaction velocities we have to include 
the collision factor, the activation energy and the ratio A jv of the active 
contact surface to the reaction volume. Taking all the experiments into 
account, a collision factor of about o-i was obtained, which is of a reason¬ 
able order of magnitude. The activation energy was calculated in the 
usual manner from the temperature dependence of the reaction velocity. 
The ratio Ajv can be estimated with an accuracy of at least d: 50 %, 
as the effective surface was always determined by physical adsorption 
experiments. 

The experiments were carried out with a series of different Ni surfaces 
(nickel-powder from carbonate and formate, nickel-foil, Raney-Nickel 
from NiAls and NiSij, evaporated nickel films) at pressures of lO”® to 
io~^ mm. Hg. The observed variation of the reaction velocity with 
time was on the whole given satisfactorily by the final equation; as a 
rule, however, it was found that the reaction velocity decreased rather 
more rapidly within the individual series of experiments than demanded 
by the equation. This can be explained by the fact that a small amount 
of adsorbed hydrogen is not used up during the reaction but distributes 
itself over the surface in the atomic form and thus poisons it. It is 
remarkable to find that the final expression remained quantitatively 
valid for all the Ni preparations employed, provided they had not been 
previously heated above 280® C.^ 

One gains the impression therefore, that on pure nickel planes irre¬ 
spective of the method of preparation, the same hydrogenation mechanism 
always occurs, and thus the supposed effect of active defects, which should 
necessarily show some difference in the compounds prepared differently, 
must be rejected. 

This must not, however, be taken to mean that at very instant the 
total surface is catalytically active. It seems more reasonable to regard 
the sites instantaneously occupied by H-atom pairs as temporary centres 
of catalytic activity, their position on the surface being subject to con¬ 
tinuous change. B^rom the above, the function of the surface covered 
with these temporary centres, 6 ^^^ may easily be calculated; in our 
experiments values between 5 x io~® and i x lo-^ (maximum) accord¬ 
ing to the magnitude of the ratios of puoipjix were obtained. In fact, at 
any instant, only a relatively small fraction of the surface is taking part 
in the reaction, whereas the major part of the stably adsorbed reactants 
(CgHjo and H atoms) covering the surface, are not at all, or only to a very 
small extent, capable of reaction. It may be expected that similar 
conditions exist for other low temperature catalytic processes and that 
an essential part is played by the active intermediate states of the 
adsorbed reactants.* 

Insiiiut fUr Physikalische, 

Chemie der Universitdt Gottingen^ 

GoUingen, BUrgerstrasse 50, 

Germany. 

* The results comtutmicated here are given in detail in Naturwiss., 1949, 
36, 74 ; Z. Elehirockem., 1949, 53, 285, and 1950, 54, Heft 2. 



THE RELATIONSHIP BETWEEN SENSITIVITY TO 
POISONING AND CATALYTIC SURFACE 

By E. B, Maxted, K. L. Moon and E. Overgage 
Received 6 th February, 1950 

The expected inverse variation of sensitivity to catalyst poisoning with the 
surface area of a catalyst has been confirmed experimentally for platinum 
hydrogenation catalysts poisoned with methyl sulphide, a relationship of the 
type: aiSi = aaSg, in which a is a measure of the sensitivity and 5 is a measure 
of the surface area, being obtained. This relationship apparently holds even 
when the variation in the area of a constant weight of platinum is induced by 
sintering. A characteristic value for the product ols has been obtained which 
should make possible the calculation of the surface area of platinum catalysts 
in general by sensitivity tests carried out on small quantities of platinum. 


In connection with measurements of the specific catalytic activities 
of metals of the platinum and palladium groups, it became necessary to 
try to develop a method by means of which the relative surface area 
of finely divided metal catalysts could be measured with amounts of 
catalyst which are too small for a determination of the surface by 
Brunauer-Emmett low-temperature adsorption isotherms. This pre¬ 
liminary work has been done with platinum, which—^unlike some of the 
rarer metals of the group—^was available in sufficient quantities also for 
area determinations by the low-temperature adsorption method. The 
main object of the present work has been to examine the degree to which 
the sensitivity of a catalyst to poisoning, which can be determined with 
a fraction of a gram of material, can be used as a measure of the surface 
of catalysts. 

It would be expected on first principles that the sensitivity of a catalyst 
to poisoning would be inversely proportional to the surface area, this 
inverse relationship being derivable both for a catalyst having a cata- 
lytically uniform surface and for a catalyst containing points or areas of 
special activity, provided that the ratio of specially active area to the 
total surface is not changed by the method used for varying the surface 
area. In the present work the surface area of a platinum hydrogenation 
catalyst has been varied in two ways : firstly, by using different weights 
of the same catalyst and, secondly, by using a constant weight of a second 
stock of platinum, the surface area of which was varied by sintering. 
In the latter case, it was necessary to determine the relative surface 
independently by the Brunauer-Emmett method. 


Experimental 

The catalysts consisted throughout of platinum black which had been made 
by the reduction of chloroplatinic acid with alkaline formate solution. The 
measurements of the sensitivity to poisoning were made by the general method 
which has already been described in previous papers ^ and which is applicable 
either for the determination of the relative toxicity of different poisons or, 
by using a standard poison, for the determination of the relative sensitivity 
of different catalysts. Methyl sulphide was used as the poison; and the 
standard charge taken for each hydrogenation test consisted of 10 ml. of a 10 % 

^ Maxted and Evans, J, Cham. Soc„ 1937, 603, 1004 and later papers. 
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solution of cyclohexene in cyclohexane, together with known amounts of platinum 
and of methyl sulphide. The hydrogenation reaction, which was carried out 
in a shaker under standardized conditions at 30°, was, as is usual, of zero order ; 
and the approximately uniform rate of absorption of hydrogen, in any test, 
up to the stage at which the cyclohexene approaches saturation, made possible 
a direct and accurate reading of the hydrogenation velocity, which was taken 
as representing the activity of the catalyst. 

On plotting the hydrogenation rates against the poison content, the usual 
type of graphs ® consisting of a linear or very nearly linear portion followed by 
a region of inflexion were obtained, the course of the main linear portion being 
expressible by an equation of the type : 

Ac = Ao(l — CLC ), 

in which Aq is the orginal unpoisoned activity, is the activity in the presence 
of a concentration c of the poison and a is the poisoning coefficient.^ It wdll 
be seen that a represents the fraction of the original activity which is suppressed 
by each unit of poison present and that the values of a, for a series of catalysts 
poisoned by the same poison under similar conditions, can be used as a measure 
of the relative sensitivity’’ of the catalysts to poisoning. 

Sensitivity Tests Involving a Variation of the Surface Area by Va^ing 
the Amount of Catalyst.—^This is the simplest method of studying the variation 
of the sensitivity with the surface, in that the surface area is obviously directly 
proportional to the weight of catalyst used and accordingly no independent 
determination of the relative surface, within the series, is necessary. In the 
present paper, for reasons of space, a summary only of the results obtained can 
be given ; but a more detailed account of the work is in course of publication.* 
The graphs for various weights of the stock of platinum used for this series 
(Platinum A) are given in Curves I to IV of Fig. i. From these, the correspond- 



Fig. I. 


ing values of a can be calculated and are given in Table I. If the sensitivity 
varies inversely with the surface area of the catalyst (w^hich is proportional, 
within the series, to the weight of the platinum used), the product as, where 
s is the relative surface, should be constant. The experimentally observed degree 
of this constancy is shown in the last column of the Table. This constancy 
also follows directly from the geometry of Fig. i, since the initial linear portions 
of all the graphs are approximately parallel to one another. 

®Maxted, Trans. Faraday Soc., 1945, 41, 406. 

® Maxted and Stone, /. Chem. Soc., 1934, 26. 

* Maxted and Overgage (in course of publication). 
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TABLE I 
Platinum A 


\Vt. Platinum g. 

Relative Surface 
Area,« 

Activity (fto in 
cm.® Ha per min.) 

a X I0“« 

05X10-8 

0*025 

1*0 

i8*7 

0*901 

0*90 

0*0375 

1*5 

27*4 

0-599 

0*90 

0*05 

2*0 

37*1 

0-435 

0*87 

0*0625 

2*5 

45*7 

0-355 

0-89 


Sensitivity Tests Involving a Variation in the Surface Area by Sintering. 
—^This work was carried out by reducing the surface area of a fresh stock of 
platinum black (Platinum B) by sintering at 400-410°. The change in the sur¬ 
face area per unit of weight caused by the sintering was followed by means of 
Brunauer-Emmett isotherms and was compared with the corresponciLng change 
in the sensitivity to poisoning by hydrogenation tests on samples of the platinum 
taken before and after sintering. 

The measurements of surface area were made with nitrogen at — 183°, 
helium being used as the calibration gas. The isotherms obtained on plotting 
the nitrogen adsorption against the resulting pressure were of the normal 
Brunauer-Emmett type ® having a long linear portion, by the extrapolaton of 
which to zero pressure a value could be obtained for the volume of nitrogen 
required to form a monolayer and consequently for the surface area. This 
zero-pressure extrapolation method was adopted for its simplicity in place 
of using the more complicated Brunauer-Emmett-Teller equation.’ It is per¬ 
haps open to some doubt whether the figure obtained by any method of extra¬ 
polation corresponds very exactly to the adsorption of a monolayer, although 
Emmett, in a recent critical review ® of the reliability of all the proposed extra¬ 
polation methods (including the use of the Brunauer-Emmett-Teller equation), 
states, “ It must be admitted that this zero pressure extrapolation method 
certainly will yield areas which are of the correct order of magnitude and which 
are probably capable of yielding fairly reliable relative areas for various finely 
divided solids 

The results for the relative surface of the platinum before and after sinteiing 
are contained in Table II, from which it wiU be seen that about one-third of 
the original surface area has been lost by the heat treatment. 


TABLE II 
Platin%mi B 


State of Platinum 

\Vt, of Pt Taken 
(g.) 

Ng Required for 
Monolayer at | 
— 1S3® (cm.®N.T.p.) 

Ng for Monolayer 
Corrected to 
Original Wt, of 
Platinum (cm.®) 

Relative Surface 
Area of Pt 
per Gram 

Unsintered 

38-71 

.04 

104 

I 

Sintered 

34-59 

1 

71 

0*68 


The corresponding graphs for o«05 g. of the unsintered and sintered platinum 
are given in Curves V and VI of Fig. i. It will be seen that these curves agree, 
from the standpoint of their position and slope, with what would be expected if 
they had been based on poisoning tests carried out with catalysts of the first 
series having an equivalent unpoisoned activity, in spite of the fact that Curv'es 

5 Emmett and Brunauer, J. Amer. Chem, Soc., 1937, 59» i553* 

* Brunauer and Emmett, ibid,, i935» 57» I754- 
’ Brunauer, Emmett and Teller, ibid., 1938, 60, 309. 

® Emmet, Advances in Catalysis (Academic Press, New York, 1948), Vol. I, 
P- 75- 

E* 
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V and VI have been obtained with a different stock of platinum and that the 
change in the surface area has been induced by sintering ; and it is evident that 
all the graphs of Fig. i are closely interconnected and that some simple relation¬ 
ship connects all these platinum catalysts, irrespective of whether they have 
been drawn from different stocks or whether the surface has been sintered or 
not. From Curves V and VI the relative sensitivity to poisoning of the unsin¬ 
tered and of the sintered Platinum B can be calculated as before : further, on 
the basis of the low-temperature isotherms, approximate values for the surface 
areas of the amount of Platinum B (0-05 g.) used in the poisoning tests can also 
be inserted. These are included in Table III. 


TABLE III 

0*05 g. Platinum B 


state of Platinum 

Surface Area 
for Monolayer 
at 183® 

(cm.3 N2 N.T.P.) 

Surface Area 

5 (m2 ) 

Uupoisoned 
Activity k 
(cm.® H2 per 
min) 

[Sensitivity 
ct X io-« 

iXS X 10 -® 

(s in m.®) 

Unsintered . 

0*134 

0*59 

33*41 

0*459 

0*271 

Sintered 

0-0917 

0*40 

22*22 

o*68o 

0*272 


From the above figures, ailoL^ = 0*67, = o*68, and = 0-67, in which 

the subscripts refer respectively to the unsintercd and to the sintered platinum. 
Accordingly, within the limit of the accuracy of the measurements, 

OCi _ £2 _ ^ 

0C2 

this inverse variation of the sensitivity with the surface area, and the direct 
variation of the rate of working with the surface, being similar to the results 
obtained in the first series with Platinum A. 


Discussion 

If all the curves of Fig. i can be treated as a connected series, it should 
be possible, by applying the relationship, UiSi = to calculate the 
surface area of all the catalysts used in the Figure, provided that the 
area is known in at least one case. This area in m.® is Imown in two cases, 
namely for the 0*05 g. of unsintered Platinum used in Curve V (5 = 0*59 
m.*) and for the 0-05 g. of sintered Platinum (s = 0*40 m.®) used in Curve 
VI: furthermore both of these catalysts give approximately identical 
values (0*271 X io« and 0*272 x lo*) for the sensitivity-area product, 
which can be used as one side of the as equation, the surface area of any 
of the catalysts of Table I being obtained by dividing this product by 
the value of a for the catalyst in question. It can in this way be shown 
that the surface area of Platinum A is about 12*1 m.®/g. This conversion 
of the arbitrary scale of relative surface used in Table I into areas expressed 
in m.® gives Table IV, in which the areas of all the catal5rsts used in both 
series are consequently expressed on a directly comparable scale. The 
above conversion could also, in principle, have been carried out by using 
the alternative $urface-to-rate relationship, Sift* = but this method 
is less accurate in practice than the use of the as relationship, in that it 
is influenced more by any traces of impurities, the effects of which tend 
to cancel out in the ratio kjko, which determines a, since and are 
affected proportionately ; further, the as relationship is of special interest 
since a has a direct coverage component due to the poison. 

The product as for the figures in the last two columns of the Table is, 
of course, in each case 0*27 x 10®, which—since it was given by two in¬ 
dependent and direct measurements of surface on two rather widely 
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different catalysts, i.e. both for the unsintered and for the sintered 
Platinum B—seems to be a characteristic sensitivity-area product, which 
can be used for calculating the surface area in m.*, not only of Platinum 
A, but also of other platinum catalysts, merely by measuring the value 
of the sensitivity a of the catalyst in question and dividing the above 

TABLE IV 


Platiaum Stock 

\vt. of Pt (g.) 

Sensitivity, a x io-« 

Surface Area s (m.*) 

A. 

0-025 

0*901 

0*30 

B (sintered) . 

0-050 

o*68o 

0*40 

A . 

0-0375 

0-599 

0*46 

B (unsintered) 

0-050 

0-459 

0*59 

A. 

0-050 

0*435 

o-6i 

A. 

0-0625 

0*355 

0-76 


characteristic product by the observed value for a. In more general 
terms, it should be possible, after an initial calibration of a hydrogenation 
apparatus for a single catalyst by means of a single low-temperature 
isotherm, subsequently to use the apparatus for the determination of the 
area in m.* of any other specimen of platinum catalyst without the 
necessity for further Brunauer-Emmett isotherms. 

Rate of Working of the Platiniim Surface.—Finally, the rate of 
working per unit of area of the various platinum surfaces used may be 
considered briefly. If the two series are combined by expressing the areas 
in m.®, as in Table IV, Fig. 2 is obtained on plotting these areas against 



Fig. 2 . 


the unpoisoned catalytic actmties It wdll be seen that the rate of 
working of unit surface area in all the catalysts taken is approximately, 
although not exactly, the same in both series, the slight difference being, 
however, possibly due to a change in the cyclohexane stock from Series I 
to Series II, since, as has already been stated, the values for the actual 
velocities of hydrogenation are found in practice to be far more sensitive 
to such changes than the ratio of velocities used for calculating a. From 
the results given in the Figure, each square metre of platinum surface 
in Series I works at a rate corresponding to the insertion of about 61 cm.* 
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H2 per min. into C5xlohexene. In Series II the corresponding rate of 
fixation of hydrogen was 57 cm.® per min. in each case, in spite of the 
fact that in one case the surface of the platinum had been sintered. The 
very close correspondence of the rate of working per square metre of 
this sintered and unsintered platinum—for which the comparison of 
surface area was not dependent on a conversion factor but on direct 
measurements by low-temperature isotherms—as well as the degree of 
the agreement oi the rate of working by each square metre of platinum 
catalysts generally, are obviously of interest in connection v'lth the 
nature, and with the resistance to sintering, of active points or of specially 
active crystal planes of the surfaces of Pt catalysts and woik is in pi ogress 
to investigate this aspect more systematically. 

One of the authors (E. B. M.) wishes to acknowledge the help given 
by a Leverhulme Research Fellowship in the carrying out of the above 
work. 

Department of Chemistry, 

University of Bristol. 


THE MECHANISM OF AMMONIA OXIDATION 
AND CERTAIN ANALOGOUS REACTIONS 


By J. Zawadzki 
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The characteristic feature of the reaction of cataljiric ammonia oxidation is 
its great velocity ; in favourable conditions nearly every one of the NHg mole¬ 
cules striking the surface of the platinum catalyst gives NO as a final product. 

The attainment of the high efficiency of the oxidation to the desired product 
depends on the velocities of a number of successive and simultaneous reactions, 
which take place in the system NH3—Oj—catalyst, as well as on the suppressing 
of the reactions between reagents, intermediate and final products of reaction 
before and after the catalyst. 

From experiments on various catalysts (Pt, oxides) under such conditions 
that NgO appears as one of the main products a scheme of the most probable 
mechanism of reaction is given. Certain assumptions are made concerning 
the elementary processes and the chemisorption ot Og on the catalyst which 
proceeds with great velocity. 


1. Preliminary Remarks. — Recent experiments on the ammonia 
oxidation i-* at temperatures below 550® clearly proved that NgO was 
one of the main products of reaction on oxide catalysts and on platinum. 
The results of these experiments enabled us to make a step towards a 
better understanding of the mechanism of this reaction (cp.*). 

The extensive experimental material collected by several authors * 
was critically reviewed in 1® Although it was not known 

that NgO was present in the products it was shown that; 

^ Zawadzki, Roczniki Chem., 1948, 32, 220. 

® Tuszynski, ibid., 1949» 23, 397. » Marczewska, ibid., 1949, 33, 406. 

* Wmnicki, ibid., 1949, 33, 388. 

* Ostwald, Berg.-u. Huttenman. Rundschatt, 1906, 3, 71. 

® Gmelin, Handbuch der anorganischen Chemie (Stickstoff), 1936, 639. 

7 Zawadzki and Wolmer, Roczniki Chem., 1922, 3, 158. 

* Zawadzki and Lichtensteinowa, ibid., 1926, 6, 824. 

® Zawadzki and Naxkiewicz, ibid., 1927, 7, 369, 

Andrussow, Z. angew. Chem., 1926, 39, 321 ; 1927, 40, 166. 
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(i) It is necessary to distinguish between the reactions which occur 
on the catalyst itself and those which take place before or after the 
catalyst bed. 

(ii) There is no optimal temperature for a given catalyst. The greater 
the gas velocity the higher the temperature at which the maximum yield 
is obtained. 

(iii) Consequently we can obtain high yields of NO even at 1200®, 
provided the time of contact is sufficiently short. 

(iv) In connection with (i) it was pointed out that at low flow rates 
a countercurrent diffusion of gases was an important factor. The pro¬ 
cesses which took place either before or after the catalyst bed were 
demonstrated by carrjdng out the oxidation in a platinum capillary tube.^^ 

The final products of ammonia oxidation are N, and HjO and NO 
is an intermediate (non-equilibrium) product, which under suitable con¬ 
ditions can be recovered with high yields. In the oxidation we have to 
distinguish between successive and simultaneous reactions. Only one 
of the simultaneous reactions gives the desired product; others (e.g. 
2NH» 7^ Ho -f- 3H2, or reactions of NHs with intennediate or final pro¬ 
ducts) are detrimental to high 5delds of NO. Another source of loss is 
the successive reactions in which final products take part (e.g. 

2NO^N2-f 0„ 

or reactions of NO and NO2 with NH3, etc.). 

In these elementary processes there are involved not only the original 
reagents (NH3, Oj) and final products, but also various intermediate 
products and by-products (e.g. NH,OH, NH, HNO, HNOj, NjO, etc.). 
By considering the results of the latest experiments (where high propor¬ 
tions of NjO w'ere formed at low temperatures) it is possible to explain 
the nature of losses occurring in the NH3 oxidation on platinum as well 
as on oxide catah^sts. 

{a) At High Temperatures. (1) The velocity of decomposition of NH, 
to N, and H, at sufficiently high temperatures is comparable to that of its 
oxidation to NO. The extent of loss is thus controlled by temperature and not 
by the rate of flow of gases, except when this is too low when there are losses 
due to NO decomposition. These rise with increasing temperature and de¬ 
creasing rate of flow, (ii) Losses are developed also when unconverted ammonia 
passes through the catalyst bed and beyond it due to reaction with NO and 
other intermediate products. Too large or uneven mesh of the Pt gauze catalyst 
or too high a rate of flow may be responsible for the passage of unconverted 
ammonia, (lii) WTien the rate of flow is too low the reaction before the catalyst 
bed causes additional losses.’* 

(6) At Temperatures below 500°. (i) NgO is present in considerable 
proportions in the reaction products. The amount depends on temperature 
and rate of flow. The formation of NgO accounts for the decrease in yield of 
NO. NgO decomposes easily into N, and O,. The higher the temperature and 
the longer the time of contact, the greater is the proportion of decomposed 
NgO. (li) ^\qien the rate of flow is low the losses before the catalyst bed are 
caused by the countercurrent diffusion. (If, e.g. NO passes into the space before 
the catalyst bed, it is oxidized to NOg, which reacts with. NH, giving free nitrogen 
through formation of NH^NOg). (lii) There are losses on the catalyst itself 
when conditions are such that the first intermediate product of reaction (e.g. 
NH) is formed slowly and can react with undecomposed ammonia, the product 
being free nitrogen. Nitrogen is also produced when NH, reacts with inter¬ 
mediate products formed in the next stage of the process, (iv) WTien the rate 
of flow is high, the unchanged NH, can pass beyond the catalyst bed, where 
analogous reactions take place, although probably they proceed at a lower 
rate. The course of these reactions depends on the space available and tem¬ 
perature. 

2. Proposed Schemes of Mechanism of the Reaction.—To explain 
the mechanism of ammonia oxidation we have also to consider the HCN 
oxidation, and the reaction of NO with hydrogen. At first it was assumed 

Andrussow, Ber,, 1927, 60, 2005. 
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that NH3 and Og decomposed to atoms and that the yield of NO depended 
on a proportion of the N atoms combining with O atoms. Only that 
part of the hypothesis concerned with the role of atomic oxygen is true. 

Contrary to Andrussows’ (nitroxyl) hypothesis the formation of 
HNO is not an intermediate reaction; it is a side reaction, which is re¬ 
sponsible for formation of NgO in the final products. The weak point 
of this h}"pothesis is the assumption that a reaction of NH3 with molecular 
oxygen proceeds on Pt surfaces. The work of Langmuir,^® Cassel and 
Gliickauf and others definitely proved that the adsorption of atomic 
oxygen does occur and that it is a fundamental process in oxidation of 
CO or Hg on platinum. In Langmuir’s experiments each molecule of 
CO or Hg striking the platinum surface with adsorbed atomic oxygen 
enters the reaction. Similarly in the NHj oxidation, nearly every NH3 
molecule, which strikes the catalyst surface, gives ultimately a molecule 
of NO, provided the conditions are favourable. In a process of such a 
high velocity as that of NH 3 oxidation to NO we cannot assume the prim 
ary reaction to be NHa -f Og, as the heat of activation would have to be 
considerable. In our studies on NO decomposition on platinum we 
have postulated a stronger inhibiting action of atomic oxygen formed 
in the reaction itself than of molecular oxygen introduced to reacting 
mixture. 

Numerous experiments carried out at low pressures and at high 
temperatures by Bodenstein and Krauss and their collaborators, and 
also investigations on various reactions of hydroxylamine, have led 
Bodenstein to the following reaction mechanism : 

NH3 -h O = NHgOH.(I) 

Reactions leading to NO : 

NHgOH + O* = HNO3 -1- HgO ... (2) 

HNOg + 03== HNO4 .... (2a) 

HNO4 = NO -f Oa + OH . . . (2b) 

20H = H30-i-0 . . . . (3) 

Reactions leading to NgO : 

NH3O -(- O = HNO -h HgO ... (4) 
2HNO = N3O -f HaO .... (4a) 

Reactions leading to Na : 

HNOa -f- NH3 = 2HaO + Na . . . (2a') 

HNO -}- NHgOH = 2HaO + Ng . . (4a') 

and the decomposition of NO and NgO. 

However, we consider Bodenstein’s hypothesis unfounded. Thus the 
reaction 

NHgads. 4 " Oa<l 8 . pt = NHaOHada, 

is endothermic as Bodenstein admits. Similarly, the reaction of NH® 
with oxides such as MnO* or FCgO 3 are appreciably endothermic. 

Adadurow, Proizwodstwo asotnoj kisiioty, Leningrad, 1934 ; Zurnat chimic^ 
heskoj promyshlennosii, 1933, 10, 37. 

Bodenstem, Z. angew, Chem., 1927, 40, 174. 

Bodenstein and Biittner, Trab. IX Congr. Int. Quim. Pur a Aphcata. 
Madrtd, 1934, 3,475 ; Bodenstein, Trans. Electrochem. Soc., 1937, 7 *> 353 » flelv. 
chim. Acta, 1935, 75^. 

IS Nagel, Z. Elektrochem., 1930, 36, 754. 

Langmuir, Trans. Faraday Soc., 1922, 17, 607, 621. 

” Cassel and Gliickauf, Z. physik. Chem., 1930, 9, 435 ; 1932, 17, 380; 18, 
347 : 1932* 19, 47 * 

i*Zawadzki and Badzynski, Roczniki Chem., 1931, ii, 15. Zawadzki and 
Perlinski, Compt. rend., 1934, 200. 

” B^enstein, Z. Elektrochem., 1941, 47, 517. 

*® Bichowsky Rossini, The Thermochemistry of the Chemical Substances 
(Reinhold Publishing Corp., New York, 1936). 
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It is clear that an endothermic reaction cannot be the first step in a 
process, in which practically every impact of NH3 molecule \vith the 
catalyst surface is elective, because the heat of activation, being at least 
equal to the endothermic heat of reaction, should be equal to or very 
nearly zero ; this does not agree with calculations. 

Yields of NH3O and HNOg in Bodenstein's and Krauss’ experi¬ 
ments rise with increasing temperatures (from 1050° to 1350°). The yield 
at 1050° ib still comparatively low and would be lower at temperatures 
below 1000®. Bodenstein admits that if platinum used had not been 
heated to a very high temperature, hydroxylamine would not have been 
found in the reaction products. 

On the other hand under certain conditions it is possible to obtain 
high yields (well over 90 %) of NO from NH3, even at temperatures 
slightly higher than 500°, and that the reaction proceeds with a very high 
velocity. Hydroxylamine has never been discovered except under special 
conditions at very high temperature, and it is well known, that hydroxyl¬ 
amine is unstable well below 500°. The combination of NH3 with atomic 
oxygen may result in a transition state or activated complex (catalyst 
. O . NH3). In Bodenstein's and Krauss’ experiments this activated com¬ 
plex probably gives hydroxylamine, which is then desorbed from the 
catalyst. The higher the temperature, the greater is the probability 
of formation and desorption of NHaOH. At lower temperatures it is 
probable that the activated complex gives NH which stays on the surface 
of the catalyst, and HgO which is set free. 

We shall now discuss the imide theory and thereby try to explain 
the results of ourselves and other authors for the NH3 oxidation on Pt 
and on oxide catalysts. Several of the facts can be explained by both 
the hydroxylamine and the imide theory; however, using the latter, the 
explanation is simpler and, what is more important, it is in agreement 
with energy calculations. 

Author's Scheme of Reaction Mechanism. 

NH3 4- O = NH 4- H3O . . . (i) 

Reactions leading to NO : 

NH 4* O* = HNO2 .... (2) 

HNO3 = NO 4* OH . . . . (2fl) 

2OH = H3O 4- O . . . . {2a') 

or, 

2HNOj = NO 4- KO3 4 - H3O . . . {2b) 

or reactions (za), (26), (3) of Bodenstein's scheme. 

Reactions leading to N3O : 

NH -h O = HNO .... (3) 

2HNO = NgO 4 - H3O .... (3a) 

Reactions leading to Nj: 

NH -f NH = Ng 4- Hg . . . (4fl) 

NH -f NHg = NjH^and decomposition of NsH4 . {46) 

NH 4- HNO = Ng 4- HgO* ... (5) 

NHg 4- HNOg = Ng 4- 2H2O (decomposition of NH^NOg) (6) 
2NO = Ng 4- Og . . . . (7) 

zNgO = 2N2 4- Og, also reactions between NH3 and NO*. . (8) 

Krauss, Z. physik. Cheni, B, 1938, 39, 83. 

Bodenstein, Z. Elektrochem., 1935, 41, 466. 

*® Krauss and Neuhaus, Z. physik. Chem. B, 1941, 50, 323. 

* Andrussow gives also : 

NHg 4- HNO = NgH, 4 - HgO and NgHg -h i /2 Og = N, 4 - HjO. 
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All these reactions proceed on the catalyst surface ; in the gas phase 
probably only the reaction of NH3 with NOg takes place. 

The regeneration of atomic oxygen (2a') (of this scheme or (3) of 
Bodenstein’s) gives, at best, half of the amount of O necessary for re¬ 
action (i), and the rest must then be supplied by the dissociation of Oj 
on Pt, i.e. Oa = aOads. 

The following arguments have been proposed in favour of the imide 
as the first product of oxidation : 

(i) An unstable NH is found in several reactions in which N* and Ha, 
or compounds of nitrogen ^vith hydrogen, take part. The characteristic 
spectrum of NH has been found and its occurrence has been proved by 
optical methods.®* (For imide formation in the catalytic decomposition 
of NH3, see Mittasch and Frankenburger, ®® Frankenburger and Hodler,®* 
Christiansen and others.) 

(ii) Hydrazine has been identified among the products of various 
reactions in which NHa takes part. It is probably formed by the reaction, 


NHa -f NH = NjH 4 .“» ®®» ®® 


(iii) Raschig has explained the occurrence of N* and H^ in a ratio 
of i/i and also of N2H4 in ammonia-oxygen flames (with NHg in excess) 
by assuming NH as an intermediate product. 

(iv) Hofmann and Korpium have similarly found Nj and Hj in 
a ratio of i/i, when carrying out the oxidation of NHg in excess in presence 
of a fine copper wire. Hydrazine was identified on Ni—^NaOH catalysts. 

In my opinion the first elementary process in the NHj oxidation on 
platinum or oxide catalysts is the reaction of NHs "with atomic oxygen : 

NHa 4- Oad«. = NH -f- H^O 
AH (kcal.) : ii 21*7 — 39*9 57*8. 

Assuming gaseous NH to be the product, it follows that the reaction 
is endothermic (AH =8*8 kcal.). If, however, 'we take into account 
the heat of adsorption of NH on platinum, the result is different. This 
heat of adsorption is undoubtedly much higher than the heat of adsorption 
of NH3 or NHsOH, and is probably of the order found in the adsorption 
of atoms such as O, H or N. (The heat of adsorption of O on Pt calcu¬ 
lated from the data of Cassel and Gluckauf = 8o*8 kcal.^’) 

However, it follows that the heat of adsorption of NH on Pt is higher 
than 8*8 kcal., and that the reaction is exothermic. The heat of ad¬ 
sorption of NH undoubtedly greatly exceeds this limiting value, i.e. 
the reaction of NH3 with adsorbed oxygen is highly exothermic. 

It is difficult to calculate the energetics for all the elementary processes 
proposed in the scheme because of the lack of thermochemical data. 
A rough estimate indicates that the NHs oxidation is composed either 
of exothermic or of slightly endothermic elementary processes. Hence 
the assumption of low heats of activation of all elementary processes 
involved is justified. 

3 . Discussion of Experimental Data in Terms of the Proposed 
Sdheme of Reaction^—^\Ve shall now discuss the results of experiments 
reported in the present and previous papers, and of other authors,^** ®® 
which were carried out at temperatures below 600®. Our experiments, 

** Gaydon, Spectroscopy and Combustion Theory (Chapman Hall, London, 

1942). 7 L 157* 173- 

Mittasch and Frankenburger, Z, Elektrochem., 1929, 35, 927. 

Frankenburger and Hodler, Trans. Faraday Soc., 1932, 28, 289. 

Christiansen, Det Kgl. Danske Videns. SeJsk. Mat. fys. Medd., 1935, 13, 12. 

»s Bredig, Koenig and Wagner, Z. physik. Chem., 192S, 139, 211. 

Raschig, Z. angew. Chem., 1927, 40, 1183 ; 1928, 41, 265. 

Hofman and Korpium, Ber,, 1929, 62, 3001. 
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the lesults of which axe given in Fig. i, 2 and 3, have been performed in 
manner analogous to that described by Tuszynski ® and Marczewska.® 
Information on experiments concerning Fig. 4 and 5 can be found m a 
paper by Winnicki.* In Fig. 4 has been plotted a curve for constant 
temperatures from the data obtained in experiments performed at various 
temperatures and at constant flow rates. 



Fig. I. —Catalyst: Pt gauze 3600 mesh per cm.*, double-folded. 
Incoming gases : 10 % NHg+Qo % air 


Flow rates : 6 l./hr. ____ 

12 l./hr. -1- 

24 l./hr. _ _ _ _ 



Fig. 2.—Catalyst: Pt gauze 3600 mesh per cm.*, double-folded. 
Incoming gases : 10 % NHg-f-go % air, 

-NjjO 

— . — . — NO 
- N, 

In experiments recently carried out by Kepinski and Witezynski 
(Fig. 6, 7 and 8), NO, NO* and NH* were absorbed in concentrated H^SO^ 
as described in a paper by Zawadzki and Wolmer.’ Special care was 
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given to the complete removal of NO and NOg. From the gases deprived 
of NO, NOg and NH3 nitrous oxide was removed by cooling in liquid air. 



Fig. 3.—Catalyst: Pt gauze 3600 mesh per cm.*, double-folded. 
Incoming gases : 12 % NHg + 29 % O2 + 59 % Ng. 


Flow rates : 4 l./hr *_ 



Fig. 4.—Catalyst: 35*58 % CuO + 65-62 % MnOj. 

Incoming gases : 10 % NH* + 90 % O*. 

- NgO 

— , — . — NO 
-Ng 

The method of estimation of NgO by the change of volume after passing 
over Pt is far from perfect. Some N,0, though small in amount, is 
decomposed to NO -f N, and the NO is then oxidized to NO*. 

In our latest experiments this error did not appreciably exceed i %. 
(Detailed data will be published by Kepinski at a later date.) 
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These results can be explained in terms of the reaction mechanism, 
given above. NH (formed by (i)), which is adsorbed on the catalyst, 
can react either with another NH radical, or NH3 molecule ((4a) and 
(4&)), or with atomic oxygen ((3), and further conversion to N2O), or 



Fig. 5.—-Catalyst: 79-45 % FcjOs -f 11-53 % BigOg + 7*21 % MnOj. 
Incoming gases : 10 % NH3 + 90 % air. 

-^NaO, -.-^NO,-Na. 

A 100 l./hr., O 200 l./hr., □ 300 l./hr. 

even with HNO (5), or with molecular oxygen (2). This last reaction, 
giving NO as final product, undoubtedly has the greatest heat of activa¬ 
tion due to the necessity of loosening the bond between oxygen atoms 
in a Oa molecule in order to form HNOg. This heat of activation is 



Fig. 6 .—Catalyst: BiaOg. 

Incoming gases : 10 %NH3 90 ^0 air. 

-^NaO, -.-^NO,-NHj. 

X 10 l./hr,, O 20 l./hr. 

different for various catal3rsts and depends on their structures. This 
accounts for the different tempeiatures at which this reaction starts 
and the various rates of reaction observed at the same temperature for 
various catalysts. It follows that the formation of NO will be favoured 
but reaction (3) diminished hy increasing temperature. 
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There axe several reasons why the 3deld of NO increases with increasing 
rates of flow. Naturally the decomposition of NO to elements is negligible, 
hut at low rates of flow there is a possibility of a counter-current diffusion 
and consequently of a reaction of NOj with NHg which takes place before 
the catalyst bed and, at low temperatures, even in the first part of the 
bed. This leads to loss of NO alreadj^ formed. 



Fig. 7.—Catalyst: 45 % CuO, + 45 % MnOj -f 10 % CaCOa. 

Incoming gases : 10 % NH3-I-90 % Oj. 

-NaO, -.-^NO,-NHa. 

O 5 l./hr., X 10 l./hr., □ 20 l./hr. 

Some influence on the acceleration in formation of NO (as well as 
NjO) from NHg, is undoubtedly exerted also by the increasing rate of 
desorption of reaction products with the increase of the rate of flow. 
In the reaction on oxide catalysts yields of NO are considerably increased, 
when oxygen is used in place of air. 



Fig. S.—Catalyst; Pt gauze 1039 mesh per cm.*, triple-folded. 

Incoming gases : 10 % NHj-l-Qo % Og. 

-^NgO, -.-^NO,-NHg. 

X 4 l./hr. O 16 l./hr. 

Moreover, there are other factors connected with the fact that the 
course of reaction is not uniform on the whole length of the catalyst bed. 
If we suppose the catalyst bed to be di\ided into a number of sections 
of equal width in the direction of gas flow, the reaction may practically 
cease after the gases have passed the first section, provided the rate of 
flow is sufficiently low. A two-fold increase of the rate of flow may result 
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in reaction proceeding also in the second section, etc. Further sections 
of the bed are then inactive and only at high temperatures are they 
responsible for partial decomposition of previously formed NO. 

The migration of adsorbed NH3 molecules on the catalyst surface 
(Volmer ®i) could not alone explain these observations. Reagents are 
being consumed on their way through the catah^st bed : in the first part 
of it, more NHj and Og molecules strike a given area of catalyst surface 
in unit of tune than in further parts where the reacting gases contain 
less NH3 and Og. The amounts of NH3 and Og consumed, as well as 
the amounts of NH, etc. produced, then gradually diminish as the gases 
flow through the bed. Accordingly the concentration of adsorbed NH 
is greatest at the beginning. This exerts an influence on the velocity of 
reactions since the processes are exothermic and the amount of heat evolved 
at the beginning is greater than in the rest of the bed. The temperature 
therefore should be higher than that measured after the bed. This has 
been well illustrated in several experiments.^* ®* ® The higher the rate of 
flow, the greater the difference is. Now, as the yield of NO is strongly 
increased by increasing temperature, the influence exerted by flow rate 
on temperature prevailing in the bed constitutes another reason why the 
high rates of flow favour the good yields of NO. 

The occurrence of Ng in the products before the formation of NO 
is ascribed to reaction (6). Possibly another reason is the hypothetical 
reaction : NH + HNOg == NgO -f- HgO. At high temperatures, when 
NH3 and NH are consumed rapidly, these reactions play no part at all, 
but they must be considered when unconverted NHj is present or when 
NH slowly reacts to HNOg. 

NgO has been found on all catalysts. Although Krauss and Neuhaus 
have not found it using BigOg, our own experiments, the results of which 
are shown on Fig. 6, prove that yields of NgO on this catalyst are not 
insignificant. NgO appears only at temperatures up to about 550®. The 
main cause is a rapid decomposition of NgO, which takes place even below 
this temperature, and which was shown to be present in experiments on 
catalysts such as MnOg, MngOg and NiO,®* by Kepinski on CuO -f- MnOg, 
and by many authors on platinum.® With increasing temperature and 
constant rate of flow the jdeld of NgO first rises to a maximum, then falls 
to zero. The difference betsveen Pt and oxide catalysts is qualitative 
rather than quantitative. The yield diminishes at higher temperatures: 
because of (i) the decomposition of NgO, and (ii) the increasing rates of 
reactions leading to NO. 

The rising part of the yield against temperature plot is explained by 
reaction (3), and especially by (3a), which has a definite heat of activation 
though smaller no doubt than that of reaction (2). As a result of (3), 
comparatively small amounts of HNO are formed at low temperatures, 
since the chance of (3 a) occurring is less at higher temperatures. This 
favours (5) and also a reaction between unconverted NH3 and HNO 
ghdng Ng. This is an additional reason for the appearance of free nitrogen 
as a reaction product at the lowest temperatures. 

The differences in the action of various oxide catal5rsts constitute an 
important argument that the process of NgO formation goes through 
stages (i), (3) and (3a). 

A BaOg catalyst which decomposes to BaO and oxygen at compara¬ 
tively low temperatures, gives NgO as almost the sole product of NH* 
oxidation. Reaction proceeds in the same direction and with nearly 
equal yields, independently of whether the usual mixture of NHg and 
Og or one of NHg with Ng is used. BaO too gives high amounts of NgO 
and, as atomic oxygen is available in smaller quantities, large propor¬ 
tions of free nitrogen are formed. All the oxides which easily undergo 
conversion to lower stages of oxidation give high pelds of NgO, as atomic 

Volmer and Adhikari, Z. physik, Chem,, 1926, 119. Adhikari and Felman, 
ibid., 1928, 131, 34. Volmer, Trans. Faraday Soc., 1932, 28, 359. 
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oxygen is here available for reactions (i) and (3). Especially interesting 
are experiments with NiO.^a In NiO lattice an excess of oxygen is present 
and an excess proportionality of N^O to amount of oxygen has been 
found. 

The examination of changes of NgO yield with var5dng rates of flow 
on different catalj’-sts is important for better understanding of the 
mechanism of reaction. There are considerable differences in the action 
of Pt and oxides, though some of the latter approach Pt in their behaviour. 

The results of our experiments on oxide catalysts, where one can 
expect high amounts of atomic oxygen to be available, are shown in Fig. 
4, 5 and 7. Analogous results were obtained by Winnicki * and Nagel. 

These experiments prove that the yields of NgO, within the wide 
range of temperatures under consideration, increase with diminishing 
time of contact. This can be explained by an increased rate of desorption 
of NjO, and by the fact that in the first part cf the catalyst bed, where 
the main portion of NHg reacts, we have to deal with high concentrations 
of NH on the catalyst only when the rates of flow are high. Because 
atomic oxygen is available in considerable proportions, the concentration 
of NH on the catalyst surface constitutes the rate-controlling factor. 
Deviations observed in Fig. 4 at very short times of contact can be due 
to the true temperature in the first part of the bed being higher than that 
actually read on a milivoltmeter. In Fig. 7, we have also to note that 
reactions (3a) and (3) are not so rapid as reaction (i), and that consequently, 
when rates of flow are high, conditions can arise such that the influence 
of a reaction of NH with HNO on the final result is considerable. 

Wlien there is less atomic oxygen available, as with BijOg, the de¬ 
pendence of NgO yield is similar to that observed on Pt. On Pt the yield 
of NjjO at constant temperature decisively diminishes with increasing 
flew rates (Fig. i, 2, 3, 8). In this case oxygen is only adsorbed on the 
catalyst surface, probably forming a unimolecular layer. The regener¬ 
ation of atomic oxygen which can take place only by surface adsorption, 
is then much more dif 5 .cult than with oxides, where the typical reaction 
is MeOj = MeO + O. From the proposed scheme it follows that the 
atomic oxygen is necessary for a very rapid reaction (i), as well as for the 
slower reaction (3). When small proportions of oxygen are available 
the chances of NgO formation diminish. This explains why we cannot 
obtain as high yields of NgO on Pt or BigOg as on the oxides of the t^qje 
FcgOg or MnOg, which easily undergo regeneration in oxidizing atmosphere. 

It can be seen from the scheme that half of the atomic oxygen needed 
for reaction (i) is regenerated in reaction leading from HNOg to NO. 
This is independent whether we consider the mechanism to be represented 
by eqn. (2a) and (2a'), or by (26), or even by (25), (2b), (3) of Bodenstein's 
scheme. The remaining atomic oxygen has to be supplied either by way 
of adsorption of Og from the gas phase, or by oxidation of a lower oxide 
formed in reaction (i). The situation is worse in reactions leading to 
NgO. The atomic oxygen is not regenerated at all, nor is it in reactions 
which give Ng. In addition w^e must have atomic oxygen not only for 
reaction (i), but also for (3), i.e. twice as much as when NO is the product. 

The higher the rate of flow of gases through the catalyst bed, the more 
ammonia reacts in unit time on a given area of catalyst surface, and the 
more atomic oxygen is needed for reaction (i). When it is available 
only in limited amounts, as with Pt, it is primarily consumed by reaction 
(1), because it is more rapid than (3) and because it precedes it. We 
see then, that by high flow rates, unfavourable conditions for (3) and 
(3a) arise. On the contrary, favourable ones arise for (2), especially at 
high temperatures, as molecular oxygen is always available. When 
the flow is low, chances of formation of HNO and NgO are higher, because 
less atomic oxygen is necessary, particularly at low temperatures. Free 
nitrogen appearing in NHg oxidation may be formed in reactions (4a) 
and (4&), as well as in (5) to (8), 
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An assumption that imide is the first intermediate product of reaction 
explains the oxidation of HCN and also the reduction of NO by excess 
hydrogen up to 90 % ^deld. Neumann and Manke in work on HCN 
oxidation consider NH to be an inteimediate product, and some of our 
experiments lead to the same conclusion. When HCN is oxidized on 
Pt and oxygen is available in insufficient proportions, we find in the 
“ post-reaction gases considerable quantities of NH3 and carbon is 
deposited in the catalyst bed. When HCN with Ng is passed through the 
Pt gauze in absence of ox^^gen, (CN)a is in the reaction products. 

These facts are explained by the following reactions : 

2HCN = {CN)s + Ha; 

3HCN -j- Oa = NH + Ha + 2CO + Na + C 
NH + Ha = NH3. 

E'vddently the normal oxidation of HCN by oxygen adsorbed on Pt 
gives a complex HCNO which immediately decomposes into NHads. -|- CO. 

In the reduction of NO,’* when hydrogen is used in excess, a film of 
atomic hydrogen is formed on Pt, and this reacts as follows : 

N Hads. NHada. NHads. + Hj = NH3 

II + 

O Hads. OH OH + Ha = HaO + Hade. 

4. The Effect of Temperature on the Rate of Reaction.—^The 
oxidation of NH3 to NO is rapid ^ in spite of its complicated course. 
Reactions such as the catal^^lic synthesis of ammonia proceed at a much 
lower rate. This needs an explanation as does a sudden increase of the 
velocity which occurs on Pt within a small range of temperatures. Study¬ 
ing NH3 oxidation on oxide catalysts, we found in numerous experiments 
that the difference of temperatures at which reaction starts and at which 
NHg has practically completely disappeared is from about 100® to 400® 
or more (cp. also ^®). This difference on Pt does not generally exceed 
50® (e.g. Fig. 6, 8). 

With the oxide catalyst the increase of rate with temperature can be 
roughly explained in terms of the factor e -^ 1 ^ (A = heat of activation), 
but with platinum it is more difficult. 

It is also difficult at first to understand a high velocity of adsorption 
of O, as atomic oxygen on platinum. Now in the formation of CaCOj 
from CaO and COg, or CdCO^ from CdO and CO* etc., the process proceeds 
without activation at pressures not far from the equilibrium pressure.®* 
In the reversed process (endothermic) the heat of activation is equal to the 
heat of reaction. When conditions are chosen so that the interface P, 
at which reaction occurs, remains practically constant, then k from 
V = hF(p — is independent of temperature.®** ®® There is, however, 
a powerful influence of a comparatively small change of temperature 
when F does not remain constant because of the formation of nuclei 
i.e. new centres of reaction, w'hen the system is far from equilibrium 
(high values oi p — po) and the temperature is high.®* 

This may be explained as follows. When a two-dimensional nucleus 
has been formed, the building-up of a layer of the new phase goes on rapidly 
(each of the CO* molecules striking the solid phase reacts with CaO to 
form CaCOj). This is a mechanism analogous to that of a chain reaction 
and is a result of deformation connected with the liberation of energy 
in an exothermic process. A point situated near the place where reaction 
has just occurred is ready to take up another CO* molecule without 
hindrance. 

®* Andrussow, Ber., 1927, 60, 536. 

®® Neumann and Manke, Z. Elektrochem., 1929, 35, 751. 

** Zawadzki and Bretsznajder, ibid,, 1935, 41, 215. 

3 s Zawadzki and Bretsznajder, Trans. Faraday Soc,, 1938, 34, 951; Z. 
physik, Chem. B, 1933, 32 , 79. 

M Zawadzki, Fetskrift Tilldgnad I. Arvid Hedvall, Goteborg, 1948, 611 ; 
RoczniH Chem., 1934, * 4 » ^23 ; 1938, 18, 892. 
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A COa molecule reaches this point not only directly from the gas phase, 
but possibly also as one of loosely adsorbed CO2 molecules, which move 
over the surface (Volmer ®^). In ammonia oxidation it is picbably easier 
for atomic oxygen to move over an oxide catal^’-st surface than ovci a 
platinum one and consequently the regeneration of atomic oxygen would 
be easier. On Pt there is a chemosorption of oxygen which can, by analogy, 
be considered as the formation of two-dimensional crystals. The points 
of the surface from which oxygen atoms are released, as result of a number 
of exothermic processes, can easily take up more oxygen from the gas 
phase and this chemosorption does not need any activation energy. 

This is a qualitative hjrpothesis and is not yet definitely proved. 1 
think, however, that a more precise analysis of this hypothesis can con¬ 
tribute to the explanation of the enormous velocity of such processes as 
the NHg oxidation on Pt, as well as of the rapid increase of velocity v-ithin 
a small range of temperature. 

Laboyatory of Inorganic Technology, 

Institute of Technology, 

Warsaw. 


THE MECHANISM OF THE CATALYTIC 
HYDROGENATION OF ETHYLENE 

By G. H. Twigg 
Received ist May, 1950 

Ethylene has been hydrogenated on a nickel catalyst at —78® C with {a) a 
mixture of Hg -f- Dg, and (6) the equilibrium mixture of Hg -{- HD -f Dg. 
Infra-red spectroscopic examination showed that the mixtures of ethanes pro¬ 
duced in the two experiments were identical, and were different from an equi¬ 
molar mixture of CgHg and CgH^Dg. This is direct proof that in hydrogenation 
the hydrogen is first dissociated into atoms on the catalj^t. 

This result and the existing knowledge concerning the hydrogenation and 
exchange reactions are reviewed, and a mechanism for hydrogenation is pro¬ 
posed which accounts for all the known facts, and in particular for the temperature 
dependence of the energy of activation. Hydrogen is not adsorbed directly 
on the catalyst, but only through reaction with a chemisorbed ethylene mole¬ 
cule to form an adsorbed ethyl radical and an adsorbed hydrogen atom ; hydro¬ 
genation takes place through the addition of a further hydrogen atom to the 
ethyl radical, while exchange is controlled by the reverse of the first step. A 
further fast reversible reaction occurs in exchange between adsorbed ethylene 
and a hydrogen atom to form an adsorbed ethyl radical. 

The mechanism of the hydrogenation of ethylenic double bonds on 
metal catalysts such as nickel has been the subject of much investigation. 
The determination of the kinetics alone has not thrown much light on 
this problem, but the discovery of the exchange reaction between ethylene 
and deuterium ^ appeared to offer a fresh approach. Horiuti and Polanyi ® 
proposed the following reaction schemes : 

CH 

CHg—CHg +H i ® +H 

I 1 — CHg --CHg-CHg; 

Ni Ni -- H 1 
Ni 

the first reaction and its reverse gives rise to exchange, whilst the addition 
of a second hydrogen atom to the “ half-hydrogenated state completes 

1 Farkas, Farkas and Rideal, Proc. Roy. Soc. A, 1934, 146, 630. 

* Horiuti and Polanyi, Trans. Faraday Soc., 1934, 3^9 1164. 
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the hydrogenation. Farkas ® proposed different mechanisms, and 
suggested that the first step in exchange was loss of a hydrogen atom from 
the ethylene, and that hydrogenation was independent of exchange and 
proceeded through the simultaneous addition of a pair of hydrogen atoms. 

A fuller investigation of the exchange reaction with ethylene ® and 
with higher olefines,® and of the migration of the double bond in butene-1 
which occurs simultaneously ’ with exchange, has provided a great deal 
of evidence that the exchange reaction did in fact proceed by the “ associ¬ 
ative “ mechanism of Horiuti and Polanyi. The difference in order of 
reaction between exchange and hydrogenation predicted by Horiuti and 
Polanyi ® did not, however, materialize, and the fact that both reactions 
were of the same kinetic order, and yet had different energies of activation, 
led Twigg and Rideal ® to suggest that in both reactions the rate-determin¬ 
ing step was reaction of a van der Waals' adsorbed hydrogen molecule 
■with a chemisorbed ethylene molecule to produce on the one hand an ad¬ 
sorbed ethyl radical and an adsorbed h^’-drogen atom (exchange), and on 
the other hand a non-adsorbed ethane molecule (hydrogenation). 

Farkas ® pointed out that in many cases as-addition of hydrogen 
took place, even though the product was not the more stable. Greenhalgh 
and Polan5n,® however, showed that this was not proof of the simultaneous 
addition of a pair of h^’^drogen atoms, since the attachment of the ethylene 
molecule to the catalyst prior to the formation of the half-hydrogenated 
state automatically means that addition of single atoms would occur in 
the cis-position. 

It was realized that it would be possible to distinguish between these 
two mechanisms by a direct experiment in which ethylene was hydrogen¬ 
ated with a mixture of Hg and Dj. The addition of single atoms would 
produce ethane of composition 

iCHa—CH3 -f iCHa—CH2D -f JCHaD—CH2I), 
whereas the simultaneous addition of a pair of atoms would produce a 
mixture of 

^CHa—CHa + iCHaD—CHaD. 

These experiments were begun in 1938, but the analytical technique 
—^infra-red spectroscopy—was not then sufficiently developed to dis¬ 
tinguish easily these two mixtures. The development of automatically 
recording spectrometers of good resolution has enabled this experiment 
to be made. 


Experimental 

Hydrogenation must be carried out with a minimum of exchange, which 
means as low a temperature as possible. A supported catalyst was therefore 
used made by impregnating Kieseiguhr pellets with nickel nitrate, igniting and 
then reducing in hydrogen at 300° C, The rest of the apparatus used was similar 
to that described previously.** With 7 g. of this cat^j'st in a reaction vessel 
of 400 ml. volume, the half life of a typical hydrogenation was about } hr. at 

— 78^ C. 

Cylinder ethylene was given three single-plate distillations to remove high 
and low boiling impurities. CgHg was prepared by reacting C2H4 + H3 at 

— 78’=’C for 15 hr. CgH^Dj -was prepared by reacting CgH* -f Da at — 78® C. 
The relative importance of exchange with respect to hydrogenation declines 
as the temperature is lowered, and at — 37° C on a similar catalyst it was showm 
that after the addition of deuterium to a sample of ethylene only 2 % of the 
hydrogen of the ethylene had been exchanged. The C2H4D2 obtained should 
thus have been of over 95 % purity. 

® Farkas and Farkas, J, Amer, Chenu Soc., 1938, 60, 22. 

* Twdgg and Rideal, Proc^ Roy, Soc, A, 1939, 171, 55. 

* Conn and T\rigg, ibid., 1939, 171, 70. 

® Twigg, Trans. Faraday Soc., 1939, 35, 934. 

’ Twigg, Proc. Roy. Soc, A, 1941, 178, 106. 

® Farkas, Trans. Faraday Soc., 1939, 35, 906. 

® Greenhalgh and Polanyi, ibid,, 1939, 35, 520, 
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Two experiments were carried out: 

Expx. II. CjH* + + D2* "The catalyst was treated with Hj at —78° C 

for 6 hr. and the Hg pumped off. To prevent the reaction Hg + Dg ^ 2HD 
occurring, the ethylene (107 mm.) was admitted first to the reaction vessel, 
and an additional 120 mm. of a 50-50 mixture of Hg + Dg added. Reaction 
was allowed to proceed for 18 hr,, and the ethane produced was separated from 
residual hydrogen by passage through a trap cooled in liquid Ng. 

Expt. 12. CaH4 + Hg + HD + Dg. This experiment was carried out to 
obtain a product similar to that anticipated if addition proceeds atom by atom. 
A 50-50 mixture of Hg -j- Dg (120 mm.) was admitted to the catalyst at —78° C 
after the previous experiment. The reaction vessel was allowed to reach room 
temperature and kept there for 6 hr. before cooling to — 78° C. Ethylene 
(107 mm.) was added and reaction allow-ed to proceed lor 16 hr. The product 
was separated as before. 

Analysis.—Infra-red spectra were recorded on a Perkin-Elmer Spectro¬ 
meter Model 12B, at medium resolving power in the region 650-4000 cm.-^ 
and at the highest resolving power over the range 670-890 and 1027-1450 cm.-^. 
The cell length was 10 cm., and the pressure 700 ± 5 mm. Fig. i and 2 are 
photographs of relevant parts of the records obtained for (a) a mixture of 
5<5 % CgHg + 50 % C2H4D2, (6) products of Expt. ii, and (c) products of 
Expt. 12. 



Fig. I. —1027-1450 cra.-i. 

Infra-red spectra of deuterated ethanes, 

{ a ) 50 % CHg— CHg-i-so 0/0 CHgD—CHgD : 

(6) from Expt. 11 ; 

(c) from Expt. 12. 

Note: The arrows mark the same wavelength on the other two spectra. 


It is very clear that the ethanes from Expt. ii and 12 are identical and 
different from the mixture of CgH, and CaH4Da. The identity was complete 
over the whole spectral range. No residual ethylene was observed (< o*i %). 

In order to check that the reaction Hj + Dg ^ 2HD was inhibited during 
the hydrogenation, the ortho-para hydrogen conversion was examined. Ethylene 
(48*9 mm.) -was admitted fii^ to the reaction vessel at — 78° C, and — Hg 
(75-8 mm.) added. Samples were removed at various times, ethylene and ethane 
separated, and the hydrogen analyzed in a coiled-coil t3rpe microthermal con¬ 
ductivity gauge 1® immersed in liquid N,. The results are shown in the table. 

BoUand and Melville, Trans, Faraday 5 oc., 1937, 33 t 1316. 
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Time (min.) 

Residual 
Ethylene % 

Conversion 

% 

15 

73 

I 

25 

60 

2 

46 

38-5 

5 

^5 1 

5-8 

13 

119 

0*0 

1 

92 


The half-life of the conversion in the absence of ethylene was 13 min. 



Fig. 2.—670-890 cm.-i. 

Infra-red spectra of deuterated ethanes, 

(a) 50 % CH3-~CH3+50 % CH,D-<:HsD ; 

(b) from Expt. ii ; 

(c) from Expt. 12. 

Note: The arrows mark the same wave¬ 
lengths on the other two spectra. 







Experiment fZ 
fre(^uency —^ 


\ 


Discussion 

The experiments show unequivocally that addition of hydrogen to 
the double bond does not take place in a single act, but that the hydrogen 
molecule is first split into atoms which then add one at a time. 

The previous work has shown that exchange proceeds through attach¬ 
ment of ethylene to the catalyst at two points and the formation of the 
half-hydrogenated state. In considering the mechanism of hydrogen¬ 
ation, the following salient facts will be taken into account: 

{a) The order of reaction is identical in exchange and hydrogenation, 
the rate being given by x from - 78° C to -f- 150® C, where 
n is unity or slightly less. 
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(6) The energy of activation for exchange is greater than for hydro¬ 
genation. 

(c) The energy of activation for both exchange and hydrogenation 
decreases ^vith increasing temperature above about loo^ C, although the 
order of reaction is unchanged and the reaction Hj -f Dg ^ 2HD is still 
inhibited. 

(d) The ortho-para conversion and the reaction Hg + Dg 2HD are 
inhibited by ethjdene except in so far as they proceed via exchange with 
the ethylene. 

(e) The hydrogen returned to the gas phase during exchange between 
ethylene and deuterium is very largely Hg molecules. 

(/) Hydrogen is dissociated into atoms before hydrogenation. 

Fact (d) means that the a\’ailable surface is almost entirely covered 
with ethylene. The fact that the reactions are of zero and not negati\'e 
order with respect to ethylene then means either that the two gases 
do not compete for the same surface or that adsorption equilibrium by 
the Langmuir mechanism, is not achieved. The previous mechanism pro¬ 
posed for hydrogenation, * and that of Beeck,^® take the former alternative. 
Beeck’s mechanism, that gaseous ethylene reacts with adsorbed hydrogen, 
does, with certain assumptions, fit the kinetics, but is unsatisfactory in 
that it does not explain the exchange reaction, and particularly the close 
connection between the two reactions. 

We are left, therefore, with the second alternative, that adsorption 
equilibrium is not maintained, and it is now proposed that up to 150° C 
the reaction Hg zNi—H is of no significance because the free surface 
available is too small; in other words, the adsorption of the ethylene is 
much faster than that of the hydrogen on the available bare surface. 
Also, in accordance with (e) above, the interchange of ethylene between 
the gas and the catalyst is much faster than that of the hydrogen. The 
present experiments have shown that hydrogen must be dissociated, and 
therefore adsorbed, before hydrogenation, and the following scheme is 
proposed : 

(I) 

CgH^ :ii:! CH2--.CHg 


Hg 


CHj—CHg + 
Ni Ni 


U)" 


CH3 

in* 

1 

Ni 


( 7 ) 

H -^ CH3—CFIg 

Ni 


B. 6. di 

Ethylene is adsorbed by opening of the double bond. The adsorption 
of the hydrogen takes place by reaction of a van der Waals' adsorbed 
molecule with an adsorbed ethylene molecule. Since exchange and 
hydrogenation have difierent energies of activation, this step (3) cannot 
be the rate determining one. Since both reactions have identical kinetics, 
the rate-determining step must proceed from the same adsorbed state, 
and therefore reaction {4) controls exchange while reaction (7) controls 
hydrogenation. Because the hydrogen returned to the gas phase during 
exchange between ethylene and deuterium is largely Hg, and reactions 
(3) and (4) would only give HD, we must add another and faster reaction 


CHg—CHg 


Ni Ni 


H 


Ni 




CH3 

Ah. 


Ni 


Twigg, this Discussion (comment on Prof. Laidler’s paper). 
Beeck, Rev. Mod. Physics, 1945, 17, 61 ; this Discussion. 
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These steps can be shown to explain all the features of the exchange and 
hydrogenation reactions. 

If the fractions of the surface covered by the different species are as 
indicated, steady-state equations can be set up, the solutions to which 
give 


^2 

^3 



^5 (^4 + ^7) 
^3^6 

^g (^4 “f" ^7) 




i 

d,. 


The expression for 9 i is more complex, but is in agreement with the fact 
that is close to unity for the temperature range considered. Then : 


Rate of hydrogenation = 


k ok j 

k^ 4 - 




Rate of exchange = 


^4 + ^7 


* pEiPv 


These expressions show both reactions to be of the same kinetic order, 
i.e., rate proportional to the first power of the hydrogen pressure, and 
independent of the ethylene pressure (since dj. = i). The term 
should strictly be replaced by the concentration of hydrogen in the van 
der Waals' layer, so that at low temperatures the order of reaction is 
reduced slightly below unity. 

The ratio, exchange/hydrogenation == and therefore the difier- 
ence in energies of activation of the two reactions (£4 — Ej) should be 
constant over the entire temperature range, as was found. ^ 

The above expressions for the rates of reaction now provide an ex¬ 
planation of the long-known fact that the energy of activation for hydro¬ 
genation, 1®* and for exchange,^ decreases with increasing temperature 
above ca. 90° C, and even becomes negative. Previous explanations 
have attributed the phenomenon to desorption of the ethylene, but it 
has been shown that this does not occur until temperatures above 150® C. 
There are two extreme cases : 


{a) Low Temperatures. Hydrogenation faster than exchange, i.e. 

kj > ^4. 

Rate of hydrogenation = jEh == £3 ; 

k k 

Rate of exchange = * . psfii* 

(6) High Temperatures : Exchange faster than hydrogenation, i.e. 

^4 ^ ^ 7 * 

k k 

Rate of hydrogenation = = -^^3 + -^7 — ; 

"4 

Rate of exchange = k^pEjBi, Ex = 


On proceeding from low to high temperatures, both energies ^vill decline 
by the term E4 — E7. 

Rideal, /. Chem, Soc., 1922, I3i, 309. Tucholski and Rideal, ibid,, 1935, 
1701. Maxted and Moon, ibid., 1935, 1190. 

Schwab, Z. physik, Chem. A, 1934, 42i* zur Strassen, ibid., 1934, 

169, 81. 
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Taking the value previously determined ® for 

— Eh = 9*0 kcal. = E4 — E,, 

and taking E3 = ii kcal., and noting® that rate of exchange = rate of 
hydrogenation at 90° C, a curve was constructed of log rate of hydrogen¬ 
ation against i/T. It showed the typical behaviour associated ^vith this 
reaction and the apparent energies of activation at different temperatures 
were as tabulated. 


T°C 

En (kcal.) 

21 

10*4 

40 

9-8 

84 

7*3 

143 

3*4 

203 

2*5 


At temperatures above about 150° C, it has been shown * that de¬ 
sorption of ethylene begins to set in, and the apparent energy of activation 
will decline further, and become negative. There is, however, a partial 
compensation as the uncovering of the surface now permits direct entry 
of the hydrogen (Hg 2Ni—H). 

Numerical values for the individual energies of activation can be 
estimated. Making the not unreasonable assumption that the heats 
evolved (x) in the following two reactions are equal: 


CH3 

I 

CHa - CHa •+ ->■ GHj H + at kcal. 

ivTi Ni lli 

CH, 

CHa + Ha-► H -f- CaH^ -j- ^ kcal. 


and taking the heats of adsorption for hydrogen (17 kcal.) and ethylene 
(36 kcal.) calculated by Eley,^® one finds x = E4, — E3 = 7 kcal., and 
E^ — E^ == 10 kcal. Using l^eck's values for heats of adsorption on 
covered surfaces, = ii kcal. and E^ ^ E^ ^ 1 kcal. Assuming 
Eg = II kcal. from low-temperature hydrogenation, E4 = 18 kcal. (Eley) 
or 22 kcal. (Beeck), and £7 = 9 kcal. (Eley) or 13 kcal. (Beeck). 

It should be possible to estimate Eg and Eg from data on double bond 
migration, since this reaction is mainly effected by the faster processes 
(5) and (6) above. On this scheme. 

Rate of double bond migration = 



However, experiments showed that all three reactions were of the same 
order . ^^Jutene) olefine did not completely cover the 

surface.^® The above equations cannot therefore be applied, since it is 
probable that direct adsorption of the hydrogen was taking place, 

“ Eley, this Discussion. 

“Twigg and Rideal, Trans, Faraday Soc., 1940, 36, 533. 
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THE EFFECT OF CRYSTAL PARAMETER 
ON HYDROGENATION AND 
DEHYDROGENATION 

By O. Beeck and A. W. Ritchie 
Received jth February, 1950 

Through measurement of the surface of oriented and unoriented evaporated 
porous nickd films by the B.E.T. method, using neon, krypton, methane and 
butane, and by measuring the number of crystallographic sites through the 
adsorption of hydrogen at liquid nitrogen temperature, direct proof has been 
obtained that (no) oriented nickel films do sdso expose (no) planes to the 
gas phase. 

A stud3" of the hydrogenation of benzene over oriented and unoriented 
nickel and iron films showed no difference in rate in contrast to the previously 
reported 5-fold rate for the hydrogenation of ethylene over (no) oriented nickel 
films m comparison to unoriented films. It is concluded that the observed 
slow hydrogenation, which kinetic considerations show, proceeds through the 
adsorbed state of benzene, is not influenced by the crystal geometry of the 
substrate. 

In contrast, the dehydrogenation of cyclohexane over unoriented platinum, 
was found to be 10 times faster than over partially (no) oriented platinum films, 
indicating that the geometrical factor is of great importance in this reaction, 
the kinetics of which is in agreement with the assumption that cyclohexane 
loses 6 hydrogen atoms simultaneously -when colliding with the catalyst surface. 

Following the hypothesis of Balandin, this reaction should be facilitated by 
(in) faces, which should be more abundant in unoriented than in (no) 
oriented films. 


I. Experimental Proof for Surface Exposure of ( 110 ) Planes in 
Gas-induced Orientation of Nickel Films.—In an earlier publication 
Beeck, Smith and Wheeler ^ have shown that by controlling the 
pressure of an inert gas during evaporation of metals such as nickel, 
iron and others, unoriented and oriented porous metal films could be 
produced at will. Completely oriented nickel films were obtained with 
an inert gas pressure of about i mm., the (no) plane, the least dense of 
the planes, lying parallel to the backing and the two remaining planes 
showmg random istribution. Films evaporated in high vacuum were 
found to be unoriented. The oriented nickel films were found to have 
twice the surface lor hydrogen adsorption per gram of metal and were 
about ten times as active as catalysts for the ethylene hydrogenation 
than the unoriented films. The oriented films therefore had five times 
the intrinsic activity of unoriented films. Oriented and unoriented films 
were found to have approximately the same thickness fer the same weight, 
that is the same density. This demands that the oriented films have 
smaller pores (or a pore size distribution favouring smaller pores) since 
the internal surface for hydrogen adsorption per gram of metal is twice 
that of unoriented films. 

1 Beeck, Smith and Wheeler, Proc. Roy. Soc. A, 1940, 177, 62. 
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Several arguments were presented ^ (which will not be repeated here) 
why the crystallites of gas evaporated nickel films showing (no) orienta¬ 
tion parallel to the backing should also actually expose (no) planes to the 
gas phase. No direct experimental proof was offered at that time, 
although all indirect proof, especially the catalytic experiments, pointed 
to the correctness of this deduction, particularly the fact that films 
evaporated in an inert gas pressure of lo mm. were unoriented but had 
the intrinsic activity cf oriented films. This was explained by the 
assumption that under conditions of high gas pressure small cr^^stallites 
of nickel would form in the gas phase with (no) planes exposed and that 
these crystallites would then be deposited randomly to form the un¬ 
oriented film of not only the intrinsic catalytic activity of oriented films 
but also of an especially large specific surface. 

It is the purpose of Part I of this paper to bring a direct proof that 
gas-induced orientation of evaporated nickel films produces (no) planes 
as the metal-gas interface. 


Experimental 

It is generally accepted that when hydrogen is chemisorbed on a clean metal 
surface, such as a nickel surface, that each hydrogen atom occupies one crystallo¬ 
graphic site. This has been shown by electron diffraction,** ® but is also borne 
out by adsorption experiments ^ and by the fact that the heat of adsorption is 
high, 30 kcal. per mole for the sparsely covered nickel surface and 15 kcal. for 
the completely covered surface.® Thus measurement of the number of hydrogen 
atoms adsorbed affords a means of measuring the number of crystallographic 
sites irrespective of size. Beeck, Ritchie and Wheeler * (see also *) have showm 
recently that such measurements have to be done cautiously, having in mind 
that hydrogen is also adsorbed into the interior of the metal structure. Initial 
adsorption at liquid nitrogen temperature of — 196° C and 0*1 mm. pressure 
represents a true measure of the number of sites available for adsorption, al¬ 
though, as has been shown,® the total sorption at room temperature as measured 
shortly after admission of the gas is in close agreement with the value for ad¬ 
sorption at — ig6° C. 

The total surface, irrespective of the number of crystallographic sites, can 
be measured by the Brunauer, Emmett, Teller (B.E.T.) method.® How'ever, 
this method will give correct results only when no chemisorption of the gas 
employed takes place. The author and his co-workers have found ® that nitrogen 
which is generally used in the B.E.T. method cannot be used with clean nickel, 
iron and many other metal surfaces because nitrogen is adsorbed on nickel 
at — 196° C with a heat of adsorption of 10 kcal. for the sparsely covered surface 
decreasmg to 5 kcal. for the completely covered surf ace.*» ® The nitrogen mole¬ 
cule occupies tw'o crystallographic sites and is probably only partially dissoci¬ 
ated. This chemisorption, which cannot be detected by the usual B.E.T. 
procedure using nitrogen at liquid nitrogen temperature, causes the surface to 
appear too large by a factor of 1*55 in the case of nickel. Accordingly, gases 
have to be used whose adsorption is of known van der Waals' type at the tem¬ 
perature of measurement. Neon, krypton and butane were used in this investiga¬ 
tion at such temperatures as to make the number of molecules in the gas phase 
of nearly the same order of magnitude as the number adsorbed on the small 
surface studied. This is necessary in order to obtain the desired high accuracy 
and can be achieved by using suitably small saturation pressures. The use of 
krypton at — 196® C for the measurement of small surfaces comparable with 
those of the metal film has been previously described by Beebe.’ By measuring 
the number of sites relative to the total surface in cm.» for oriented and unoriented 
nickel films, the average size of the site for each type of film can be established. 

® Rupp, Z, Elehtrochem, 1929, 35, 586. 

» Germer, Z. Physikt 1929, 54, 408. 

® Beeck, Ritchie and A?^eeler, J. Colloid Sci., 1948, 3, 505. 

* Beeck in Advances in Catalysts^ Vol. II (Academic Press, New York, 1950). 
Beeck, Cole and Wheeler, this Discussion. 

•Brunauer, Emmett and Teller, 7. Amer, Chem. Soc,, 1938, 60, 309. 

■’Beebe, Beckwith and Honig, ihid.^ 1945, 67, 1554. 
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It will be seen that for unoriented films the surfaces measured by the B.E.T. 
method using molecules of different sizes agree well within the limits of experi¬ 
mental error. The oriented films, however, with their larger surfaces and smaller 
pores gave surfaces markedly dependent of the size of molecule used, making 
it necessary to extrapolate to the size of the hydrogen molecule since the chemi¬ 
sorption of hydrogen is used for comparison. For this purpose the area of the 
hydrogen molecule was taken as i A®. This figure may be somewhat arbitrary 
because adsorbed hydrogen atoms have been shown *» * to migrate from site to 
site and the pore size necessary for this fast migration (as distinguished from the 
slow diffusion into the crystal lattice) would be difficult to evaluate. It will 
be seen, however, that whatever the choice of this figure, within the possible 
limits, it has little bearing on the quantitative conclusions to be drawn. 

The surface measurements with neon were carried out at i6® K in a CoUins 
helium cryostat. A full description of the experimental details will be pub¬ 
lished later. 

The cross-sectional areas of methane, krypton and neon were calculated 
by means of the formula A = 1*52 x lo”^® where p is the liquid density 

and ilf the molecular weight. The area of W-C4H1P was calculated by the 
method of Livingston ® assuming that the molecule lies flat on the surface as 
a cylinder with the diameter of 4-75 A (the distance of nearest approach between 
two hydrocarbons) and with a length of 1*29 A per carbon atom. 

The procedure of producing the evaporated metal films has already been 
described in detail.^ 


Results 

The experimental results are presented in Table I and in Fig. 2. Fig. i 
shows the B.E.T. plots for Expt. 7, 8 and 9, where the hydrogen adsorption at 
— 196® C and the B.E.T. surface measurements with neon, krypton and butane 
were done on the same oriented film. The hydrogen adsorption was carried 
out first after experimental proof was obtained that adsorbed hydrogen had no 
measurable effect on the B.E.T. surface measurements. Expt. 5 and 6 were 

TABLE I 


No. 

FilmTyi>e 

Ads. 

Temp. 

Gas 

Unilayer 
Molecules 
Per 100 
mg. Ni 

X lo-i* 

Area per 
Molecules 
A« 

Surface 

Area 

m.®/g. 

HsAds. 
per 100 
mg. Ni 
Molecules 
X loria 

Area 

per 

HAtom 
Site A® 

I 

Unoriented 

— ig6 

Kr 

6-15 

14-6 

9-00 

7-28 

6-18 

2 

Unoriented 

— 196 

Kr 

5-85 

14-6 

8-55 

6-9 

6-18 

3 

Unoriented 

— 196 

CH4 

5-40 

15*68 

8-46 

6-9 

6-14 

4 

Unoriented 

~ 7 S 


3-48 

24-5 

8*53 

6-9 

6-18 

5 

Oriented 

— 196 

Kr 

11-70 

14.6 

17-09 

13-33 

6-42 

6 

Oriented 

-257 

Ne 

15-00 

9*95 

14-92 

10-35 

7*25 

7 

Oriented 

— 196 

Kr 

I2 -o8 

14-6 

17-64 

13*85 

6-37 

S 

Oriented 

-78 

W-C 4 Hio 

5-29 

24-5 

12-95 

13*85 

4-68 

9 

Oriented 

-257 

Ne 

20-00 

9*95 

19-90 

13*85 

7-18 

10 

Dep. Temp. 

-183° c 

Unoriented ' 

— 196 

Kr 

3-68 

14-6 

5-37 

6-9 

3*9 


made with two different oriented films, the hydrogen adsorption at — 196° C 
preceding the B.E.T measurements. Numbers 2,3 and 4 are averages of measure¬ 
ments on several different unoriented films. In these experiments the hydrogen 
adsorption at 23® C was used, while Expt. i was preceded by a hydrogen ad¬ 
sorption measurement at — 196® C. The average value for the area per H 
atom site for the unoriented films is 6*17 A® and is independent of the size of 
molecule used for the B.E.T". measurement. 


® Livingston, J. Amer. Chem. Soc„ 1944, 66, 569. 







162 THE EFFECT OF CRYSTAL PARAMETER 

Extrapolation to i A* for the onented film is obviously best done by a curve 
through the points from Expt. 7, 8 and 9, where the same film was used. This 
happens to be a straight hne and extrapolation leads to the value 8*65 A® for 
the (no) onented films. 



Discussion 

The X-ray values for the short and long distances in the face-centred 
cubic nickel lattice are 2*48 A and 3*51 A, respectively. The (no) site 
area is therefore 2*48 x 3’51 = 8*70 A® in unexpectedly good agreement 
with the experimental value of 8-65 A®. The area of the (100) site is 
2-48* = 6*15 A*, again in excellent agreement with the experimental 
value ol 6*17 A*. Since planes involving higher indices would undoubtedly 
adsorb more than i H atom per site, it may be safely concluded that 
(no) oriented films exhibit only (no) planes to the gas phase. In the 
case of the unoriented films the agreement with the (100) site aiea may 
be more fortuitous since the average size of the three major planes in¬ 
cluding the (in) plane is A = 5*84 A® very close to the (100) value. If, 
therefore, only a small number of planes along the cube edges were (no) 
planes and another small number at the comers were (ni) planes, one 
would expect an overall value close to that of the (100) plane. It was 
also shown ^ that relatively heavy high vacuum films (film weights of 
several hxmdred mg. were used in these experiments) showed a tendency 
to dight (no) orientation with increasing thickness, if deposited at 23® C. 
Since such films showed also a slightly increased activity per unit weight, 
it must be concluded that heavy high vacuum films expose a certain un¬ 
known fraction of (no) planes also for this reason. One film (Expt. 10) 
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was deposited at — i83°C and the size for the site derived from this 
measurement is 3*9 indicating that (m) planes with an area of 2*66 A® 
are fairly abundant. The straight line relationship between the surface 
of the oriented films and the size of the molecules employed for its measure¬ 
ment shows perfect randomness of pore size. 



•< 

LU 


30 


Fig. 2. 


The dependence of surface on pore size makes it also necessary to 
adjust the ratio of the mtrinsic activities of the two film t3rpes. It was 
earlier reported ^ that the intrmsic activity of oriented nickel films for 
the hydrogenation of ethylene was about five tunes greater than for 
unoriented film. If it is assumed that the surface available for ethylene 
hydrogenation in oriented films is the same as that measured by methane 
adsorption (which would be the lower limit), the new factor becomes 
5 X i'4 = 7, as can readil}’’ be deduced from Fig. 2, since the earlier 
comparison was based on hydrogen adsorption only. Oriented evapor¬ 
ated nickel films are, therefore, at least about seven times more active 
than unoriented films. 

II. Hydrogenation of Benzene and Dehydrogenation of Cyclo¬ 
hexane.—^After having demonstrated that (no) planes are exposed m 
oriented evaporated nickel films and are at least five, but possibly seven 
times moie active (see Part I) as catalyst for the hydrogenation of 
ethylene than the planes exposed by unonented films (which maj^ either 
be (100) planes only or contain some (no) and (m) planes also) it was 
tempting to test such films for the hydrogenation of benzene or the 
dehydrogenation of cyclohexane for the latter of which Balandin • has 
proposed his “ multiple adsorption hypothesis. According to this 
hypothesis dehydrogenation of cyclohexane takes place on the octa¬ 
hedral face, i.e. (in) planes, of a face-centred cubic metal lattice. He 
further specified that the lattice constant must lie between those of nickel 
and palladium. Since at the temperature necessary for dehydrogena¬ 
tion (about 300° C) nickel and iron films sinter to the extent that they 
lose nearly completely their internal surface * only the hydrogenation of 
benzene at 23® C and at about 60® C was studied over these two metals. 
Dehydrogenation of cyclohexane was carried out over tungsten, nickel 
and platinum film s. No systematic study was attempted in these ex¬ 
periments. 


• Balandin, Z. physik, Ckem. B, 1929, a, 289 ; ibid., 1929, 3, 167. 
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Experimental 

The experimental technique was that used previously ^ except that metal 
valves were used instead of greased stopcocks in order to avoid solution® of 
benzene and cyclohexane in the grease. The benzene was Merck Reagent, 
thiophene-free and was used without further purification, except for removal 
of air by repeated freezing at liquid nitrogen temperature and pumping to high 
vacuum. The cyclohexane was an A.P.I.-N.B.S. spectrographic standard sample 
of better than 99 % purity. All metal films were sintered at the reaction tem¬ 
perature at which they were to be used and the hydrogen adsorption at 23° C 
was used for a measure of the surface available for the reactions to be studied. 


Results 

Benzene Hydrogenation.—^Both oriented and unoriented nickel films were 
active for the benzene hydrogenation at 58° C. The initial rates were slow, 
i.e. of the order of i mm. pressure decrease per minute for a benzene-hydrogen 
ratio of i Is at the initial total pressure of about 240 mm. The reaction was 
found to be independent of the benzene pressure and proportional to the o*44th 
power of the hydrogen pressure at 58“ C and proportional to the 0‘56th power 
at 100° C. The rate at 19° C was six times lower than that at 58® C, correspond¬ 
ing to an activation energy of 8-7 kcal. for this temperature interval. The 
specific reaction rate per unit surface was found to be greater for the oriented 
films than for the unonented film by a factor of 1*24. 

Comparative experiments on nickel and iron were carried out at 23® C on 
unonented films and the specific activity of nickel was found to be 2-3 times 
that of iron. All measurements are tabulated in Table II. 

TABLE II 


1 

1 

Ts 

1 

Film Type 

Reaction Temp. ®C 


•1 

i I 

i 

'0 3 4-2* H 

i 

0 

e 

tn 

C4 

gH W 

9 ^13 

H JB'd 

Ilf 

H2Ads./ioomg. at 
Molecules x io-i« 
Smteied at 

Reaction Temp. (Calc.) 

Relative Activity 

Remarks 

I 

1 

Ni 

Oriented | 

58 

i8i*o 

57*5 : 

1-48 


8-42 

6*31 

0*234 

Evaporated 
at 0° C 

2 

Ni 


58 

183-0 

58*0 

1-83 


lO-IO 

7-56 

0-239 

Evaporated 
at 0® C 

3 

Ni 

Un- 

oriented 

57 

171*5 

58-5 

1-03 


6-91 

3-i8 

0-199 

Film 

evaporated 
at —183® C 

99 99 

Evaporated 
at 0° C 

4 

Ni 

99 

58 

159*5 

40*5 

1*02 


7*51 

5-63 

0-181 

5 

Fe 

if 

23 

318-5 

67-0 

o* 46 * 

11*90 

11*90 

0-039 

6 

Ni 

Ji 

21-5 

342-0 

63-0 

0-52* 


5*95 

5*95 

0-091 

ff 


* Corrected to = 3 i 8 * 5 * 


Gyclohexaixe Dehydrogenation. —^The cyclohexane dehydrogenation was 
investigated over tungsten and platinum films and was attempt^ over palladium. 
Those three metals smter much less than nickel (see Table II). In spite of this 
fact tungsten was found to be inactive at 324® C. Platinum and palladium 
were both very active, although proper evaluation in the case of palladium was 
impossible due to the high rate of solution of hydrogen in this metal. The 
measurements on platinum are set forth in Table III. 


Beeck, this Discussion, 
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TABLE III 


Run 

Film Type 

Reaction 
Temp. ®C 

Cyclohexane 

(mm.) 

dpidt 

100 mg. 
Corrected to 
57-0 mm. 
Cyclohexane 

Ha Ads. 23“ C 
After Sintering 
Molecules 

X io-i8 

Relative 

Activity 

I 

Unoriented 

324 

57*0 

14*8 

o-57» 

13-0 

2 

99 

324 

58-0 

7-48 

0-34* 

(i-34t) 

II-O 

3 

tt 

324 

29*5 

io*6o 

0-45 

II -6 

4 

,, 

324 

29*0 

10-41 

0-46 

11*5 

5 

„ 

324 

32*5 

6-63 

0*31 

I 2 -I 

6 

„ 

324 

32-0 

8-o6 

0*37 

12-2 

7 

tt 

Partially 

oriented 

324 

32-0 

7.98 

0-36=' 

II-O 

8 

325 

57*0 

i-o6 

0*37" 

1*4 

9 

,, 

322 

57*0 

0*57 

0-37 ■■ 

0-8 

10 

tt 

324 

57*0 

0*85 

0-37 • 

(i-46)t 

I*I 


♦ Calculated (see text). 


t Hg adsorption before sintering. 


^ shown in Fig. 3, where the logarithm of cyclohexane pressure is plotted 
against time, the imtial reaction rate over platinum is first order with respect 
to the partial pressure of cyclohexane which allows for easy normalizing of the 
measured rates. From the temperature coejB&cient of the rates at 326° C and 
356° C an activation energy 
of 9*3 kcal. was calculate. 

In Expt. 2 and 10 adsorp- ^ 
tion of hydrogen was *£ 
measured at 23® C before ^ 
sintering, and in agreement ^ 
with previous findings there z 
is little difference in the ad- ^ 
sorption of oriented and iij 
unoriented films. In Expt. 3 § 

to 10, hydrogen adsorption J 
at 23® C aiter sintering was > 
measured showing that one- ^ 
third of the surface is still ^ 
available after sinteriug at ^ 

325° C. In Expt. I, 2, 7, ^ 

S, 9 and 10 hydrogen ad- 3 
sorption was not measured 
after sintering, and the w 
values were calculated for £ 

I, 2 and 7 from a plot of the ^ 
figures in column 5 against < 
those in column 6 for Expt. j- 
3 to 6. The values for the ^ 
oriented films 8, 9 and 10 Q. 
were assumed to be the 
same and adjusted through 
the adsorption measure¬ 
ments of the unsintered Miwin-ire 

films 2 and 10. From the MINUTES 

ratio of the averages in Fig. 3. 

column 8 it is seen that the 

unoriented films are more active by a factor ii-gji'i than the 

oriented films. This figure is likely to be much ^eater since electron diffraction 
studies showed the “ oriented films to be partially oriented only. 

All that can be said with regard to palladium films is that a high-vacuum 
film which was not strictly unoriented but showed mixed orientation under 
electron diffraction study was for the same film weight 2*5 times more active 
than a (no) oriented film deposited in i mm. of nitrogen. 
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Discussion 

Because of the zero-order reaction rate with regard to benzene it must 
be concluded that the benzene hydrogenation proceeds through the 
adsorbed state of benzene and is therefore possibly not subject to influence 
by the size of the crj'stallographic sites but is simply a function of total 
surface available which, as has been shown in Part I, is 1-4 times larger 
for oriented than for unoriented Aims for the same hydrogen adsorption. 
This should make the rate on oriented films 1*4 times faster. A smaller 
factor would be expected since benzene may not be able to enter the 
smallest pores. Within the experimental limtis the rates may be regarded 
as equal. If the same argument were applied to the comparison of un¬ 
oriented iron and nickel films, iron should be 2*7 times more active than 
nickel if one assumes that the large (loo) face is exposed. Actually the 
activity for the same hydrogen adsorption is half as large. Further dis¬ 
cussion of this point will be postponed until after Part III. 

The tenfold activity’' of unoriented films even over only partially 
oriented films suggests that Balandin’s h5rpothesis may be operating if 
the assumption is made that unoriented films expose, in part at least, 
(in) planes. In the later stage of this reaction the adsorption of benzene 
poisons the reaction, reducing the initial rats of a second run on the same 
film by a factor 20. 

It is likely that the inactivity of tungsten films (the surface of which 
after sintering at 325° C is still about i /2 of that at 23° C) is due to poison¬ 
ing by a reaction product -with the surface. Experimental proof of a 
highly unsaturated residue was obtained by admitting small amounts of 
cyclohexane to both platinum and nickel films at 250® C. In both cases 
4 hydrogen molecules appeared in the gas phase for each cyclohexane 
molecule admitted. Even at room temperature cyclohexane is strongly 
adsorbed on tungsten and nickel with evidence that dissociation to benzene 
and hydrogen takes place. This strongly suggests that poisoning by 
residues is responsible for the inactivity of tungsten. 

For further discussion of the results presented in Parts I and II of 
this paper in connection with other aspects of metal film catalysis see (10). 

Shell Development Company, 

Emeryville, 

California, 


ALLOY CATALYSTS IN DEHYDROGENATION* 

By George-Maria Schwab 
Received October, 1949 

In homogeneous Hume-Rothery alloys the activation energy of the formic 
acid dehydrogenation increases in proportion to the square of the increase of the 
electron concentration caused by the multivalent solute metal. Amongst the 
intermetaJlic Hume-Rothery phases, the y-phase shows a maximum activation 
energy. In general, activation energy and electric resistance run parallel. It 
is concluded that the catalytic activation consists in an entrance of substrate 
electrons into empty levels of the first Brillouin zone of the metal. It is suggested 
that in alloys containing polar or covalent bonds the conductivity electron 
concentration is lower^. Catal3rtic experience confirms this view. The 
frequency factors of the dehydrogenation reaction on different catal3?sts increase 
logarithmically with increasing activation energy. The mechanical hzurdness 
of alloys runs parallel with the activation energy, and it is concluded that the 
hardness is a function of the saturation of the Brillouin zone. This is con¬ 
firmed catalytically for martensite. 


• Contribution from the Dept, of Inorganic, Physical and Catalytic Chem¬ 
istry of the Institute Nicolaos Canellopoulos, Piraeus, Greece. 
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It has often been suggested ® that the catal3rtic action of metals, 
where the cycle is not a simple oxidation-reduction one, is connected wdth 
their electronic structure. Only recently, direct proofs for this view are 
appearmg, e.g. in Bockris's ® connection between overvoltage and work 
function. In this case, however, it is not yet clear if a discharge of ions 
or a catalytic recombination of atoms is rate-determining. A direct com¬ 
parison of catalytic action and electronic structure has been found in our 
laboratory by the systematic study of the dehydrogenating action of alloy 
catalysts. In the present work, the activation energy of the dehydro¬ 
genation of formic acid vapour has been measured in presence of homo¬ 
geneous allo3rs of varied electron concentration and intermetallic phases. 

Kinetics.—In all cases of simple catalytic reactions, the Arrenhius 
equation 

k = kt. 


or logk = B — qUsyT, . . . • (i) 

represents fairly well the experimental temperature dependence of the 
velociy constant k, q being Imown as activation energy. Only in zero- 
order reactions proceeding on entirely saturated active surfaces (centres), 
is k free from a temperature-dependent adsorption factor, so that q may 
be considered as the true activation energy required by the adsorbed 
molecules. The formic acid decomposition has been shown to be of 
this type.* As or i'ts logarithm B contains the unknown active pro¬ 
portion of the geometrical surface, a determination of q is possible only 
by measuring the temperature coefficient 

d log k , . 

d(i/rj “ ® . 

Special care is needed in such measurements so as not to confuse 
accidental activity alterations with 
the true temperature coefficient of 
k. Only complete coincidence of 
temperature-velocity curves, re¬ 
peated at rising and falling 
temperatures, can jdeld reliable 
values of q. As a secondarj^ 
result, empirical values of the fre¬ 
quency^ number, Aq (or of B), are 
obtained, whose dependence on 
various factors form the object of 
separate study (see below). 

Experimental 

The experimental arrangement 
developed for this purpose and used 
in most of the work, is shown in 
Fig. I.® Liquid formic acid is con¬ 
tained in the vessel A which com¬ 
municates with the evaporator B, 
filled with glass particles or fine 
capillaries. In that particular zone 
of B which, by means of the electric 
furnace C, is maintained just at the 
boiling point, the liquid is evaporated 
smoothly and the vapour at atmo¬ 
spheric pressure passes over the 
catalyst in E. Undecomposed acid 
is recirculated by G, H, and the gas¬ 
eous reaction products (C02+Ha) 
purified in J and K, enter a flowmeter 



at L. hIM is the outer tube of a 


^ Goldschmidt, Ber., IQ27, 60, 1263. * Russell, Nature, 1926, 117, 47. 

® Bockris, ibid., 1947, 159, 539- 

* Hinshelwood, J. Chem. Soc., 1923, 123, 1014, and ref. 

* Schwab and Theophilides, J. Physic. Chem., 1946, 50, 427. 
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thermocouple, removable by a ground joint at the top of the apparatus. By 
this arrangement, the reaction v^ocity can be directly obtained for every temper¬ 
ature of the catalyst in runs at rising and falling temperatures. Always, after 
a short period of formation of the catalyst, coincident curves are obtained 
and evaluated in the form of log h — iJT diagrams according to eqn. (i) and 
( 2 ). 

The alloys were prepared from chemically pure metals in porcelain crucibles 
under suitable molten salts in a gas blast-furnace, and the phases present were 
found by X-ray analysis. Ductile metals were used as foils, brittle alloys as 
pieces, and the total geometrical surface of the pieces estimated by measuring 
their dimensions. 

Homogeneous alloys A —Silver dissolves most of the metals of Groups 
II-V of the Periodic Table to form Hume-Rothery*s a-phases, without a change 
of the cubic face-centred lattice type, up to an electron concentration (EC) = 1*33 
in the period Vb (Cd, In, Sn, Sb) and EC = i*i in the period VIb (Hg, Tl, Pb, 
Bi). Thus, in these systems, it is possible to alter the EC at will without a 
radical change of the chemical and crystallographic character of the catalyst. 
The results of the kinetic measurements show that the activation energy using 
pure silver (17-6 kcal./mole) is always increased, by a few kcal./mole by ** addi¬ 
tion ” of Cd, In, Sn, Tl, Hg, but by amounts up to 20 kcal./mole by Sb, Pb, Bi. 
The increase is not ^ways strictly proportional to the concentration of the solute 
metal, but for small additions the results can be approximately represented by 
? = 4- Ax(n - i)*, . . . . (3) 

X being the atomic fraction of the solute metal, n its Group number or valency, 
and A a constant, amounting to ii in the 5th and 100 in the 6th period if q 
is expressed in kcal. Similar results were obtained with elements of the 4th 
period (A ^ 100) and with solutions of thallium, lead, cadmium ® and iron • 
in gold. 

Hence, in homogeneous a phases the activation energy is increased when 
the EC is raised by dissolution of a multivalent solute, and this increase, 
exactly as is the electric resistance, is proportional to the square of the EC 
increase per solute atom. Likewise, within the domain of the densest hexagonal 
c phase of Ag—Sb,^°* the activation energy rises with increasing Sb content 
or EC. 

Heterogeneous alloys and intermetallic phases. —In binary alloys con¬ 
sisting of two phases (Ag -j- Cu,^i a -h y, y + e and e + 17 Cu-Sn,^ a + jS 
and j 8 + y Au-Cd ,8 A 1 + €Ag-Al,“ Au -f Fe,» Cu + CugMg, Cu^Mg + CuMg^,®) 
the activation energy is generally found to lie between those of the component 
phases. The intermetallic phases or compounds themselves show different 
values. For the system Cu-Sn these are shown in Fig. 2, and for Au-Cd * 



in Fig. 3. Generally, the cubic face-centred phase j8, the hexagonal densest 
phase e and the hexagonal layer phase show values not very different from 

• Schwab and Holz, Z. anorg, Chem., 1944, 205. 

’ Schwab, Trans, Faraday Soc., 1946, 43, 689. 

• Schwab and Pesmatjoglou, J, Physic. Chern,, 1948, 5a, 1046. 

• Schwab and Petroulsos, ibid., 1950, 54 (in press). 

Schwab and Karatzas, Z. Elektrochem., 1944, 50, 204. 

Schwab and Schwab-Agallidis, B$r., 1943, 7 ^» 1228. 
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that of the corresponding saturated a phase, while the more complicated cubic 
phase y always gives a very distinct maximum of the activation energy. As 
Fig. 2 shows, and as can be shown for numerous other systems,^® this exceptional 
behaviour of the y phases concerns also the electric resistance and the hardness. 



Fig. 3. 


Theory of the electron influence.—^According to the theory of Mott and 
Jones the upper limit of stability of a purely metallic (Hume-Rothe^) phase 
is given by that electron concentration at which the co-ordinated material waves 
of the fastest electrons just begin to be reflected by the most intensely reflecting 
lattice planes according to Bragg's law. At this limit, the surface of a sphere, 
constructed with the reciprocal half wavelength of the fastest electron as radius, 
touches from ^vithin planes of a polyhedron enclosed by planes parallel to the 
above lattice planes at distances from the centre of the sphere reciprocal to 
the respective lattice distances. This polyhedron is called the volume of the 
first Brillouin zone in the ^-space. This theoiy^ permits a satisfactory theoretical 
calculation of Hume-Rothery's electron concentrations of the stable phases 
a, j8, y and e. It is important that the volume of the first Brillouin zone at the 
stability limit is not filled by the sphere ; the comers of the polyhedra, amounting 
to about 30 % of the total zone volume «, jS and e, remain empty. It is in these 
comers that electrons, acquiring energy from an external field, can move, and 
this accounts for the fact that even saturated phases a, p and e are still good 
conductors, although poorer than a pure monovalent metal with a half-empty 
zone. A remarkable exception is the y phase. Its zone, as represented in the 
A-space, is, because of the complicated lattice stmcture, of a highly polyhedric, 
nearly spherical shape, and thus in the state of saturation it is almost completely 
(i.e. 88*5 %) filled by the sphere. Little room is left for accelerated electrons, 
and this at once accounts for the high resistance of y alloys. 

Now, oui experimental results for the activation energies, for homogeneous 
alloys as well as for intermetallic phases, can be expressed in terms of the zone 
theory as follows. The activation energy increases within the domain of one 
phase according as the Brillouin zone approaches the saturation limit, and, 
comparing differenx phases, it is highest in the y phase where there is the highest 
degree of zone completion. Thus, generally, empty levels in the zone favour 
the catalytic reaction. We are led to the conclusion that, to form an activated 
adsorbed formic acid molecule, electrons from it must intrude into the metal, 
and that this entry needs more thermal energy the more the metal is already 
saturated with electrons. Most probably the two protons of the formic acid 
molecule occupy extra lattice sites in the catalyst surface, while their electrons 
are '' dissolved " in the electron gas of the metal. 

Schwab, Experientia^ 1946, 2, 103. 

Mott and Jones, The Theory of the Properties of Metals and Alloys (O.U.P. 
1936). 
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This picture of the activated state of dehydrogenation (and, of course, also 
of hydrogenation) agrees fully with the views generally accepted for the dis¬ 
solution and activated adsorption of hydrogen. It gives, at the same time, a 
concrete interpretation, based on experiments, to the concept of a homopolar 
substrate-catalyst bond, by supposing a sharing of substrate electrons. 

Theory of polar and covalent alloys.—The zone theory of metals and 
alloys is based on the assumption that the valency electrons of the metal atoms 
form a degenerated gas distributed according to Fermi statistics oyer the levels 
of the Brillouin zone. This is the extreme case of a purely metallic bond, as it 
occurs in tj^pical metals and Hume-Rother^’- alloys. The same picture, however, 
has been successfully applied by IVIott and Jones to the descnption of lattices, 
which, from the crystallochemical point of view, are not purely metallic. E.g. 
in graphite, the four electrons per atom can be placed in one common Brillouin 
zone, and likewise in selenium, the six electrons per atom. However, many 
arguments suggest that in graphite three electrons per atom are localized in 
covalent bonds, and only one is a conductivity electron, and that in selenium 
two electrons per atom are localized in covalent bonds between neighbouring 
atoms of endless chains parallel to the c-axis, and only four electrons are con¬ 
ductivity electrons. This picture suggests a different treatment, viz. the 
electrons belonging to covalent bonds are placed in fully complete zones and 
only the conductivity electrons in a Brillouin zone of smaller ^-volume. In 
fact, it has been shown • that a zone containing one electron per atom can be 
constructed from reflecting planes of the graphite lattice, and most probably 
a similar procedure is possible for selenium and other semi-metals. 

This viewpoint is important in discussing the degree of saturation of the 
conductivity zone in alloys other than of the Hume-Rothery type, containing 
covalent or polar bonds in addition to the metallic bond. In these, piobably, 
the number of free electrons to be placed in a conductivity zone, taken from X-ray 
data, is less than the total number of valency electrons of the constituent atoms, 
because electrons are used in forming covalent bonds or anions. From this 
poiat of view, a relatively low activation energy will be an argument in favour 
of non-metallic bonds. 

Different alloy systems have been examined. In the Au-Fe system, on 
dissolution of a few atomic per cent, of iron in the gold lattice, the activation 
energy and specific resistance are higher due to the two valency electrons 
contributed by the iron atom. At higher percentages, however, the magnitude 
of both properties decrease again, indicating, in a^eement with magnetic data, 
that valency electrons now enter the gaps of the incomplete iron shell and dis¬ 
appear from the conductivity zone. Gold and antimony form a compound 
AuSbj having the lattice type of iron pyrite FeSg. Its activation energy was 
found to be nearly equal to that of a saturated solution of antimony in gold. 
This reveals a relatively low degree of saturation of the first Brillouin zone. 
Apparently, the covalent bond between the pair of antimony atoms uses most 
of the valency electrons of antimony. In the compound CugSb, the antimony- 
atoms are isolated from each other. Nevertheless, this compound shows the 
same activation energy as the Sb-poorer c phase, an energy only slightly higher 
than that of pure copper. Hence, even here, the antimony electrons do not fill 
the conductivity band, the antimony atoms being anions or at least neutral. 
In the system Cu-Mg, the ordered cubic compound CujMg has a much increased 
activation energy. This, together with the lattice data, show that the binding 
is almost entirely metallic, as in Hume-Rothery alloys. The other compound 
CuMgg show’s an activation energy much lower even than that of copper itself. 
As the lattice data indicate a purely metallic bond, the first Brillouin zone 
must have an extremely low degree of saturation. This is not due to chemical 
bonds in this case, for the X-ray diagram of this phase reveals that the poly¬ 
hedron representing the zone volume is far from spherical in shape and very 
sparsely filled by the inscribed sphere. The result with CujMg was confirmed 
by the behaviour of the isomorphous compound AuaPb. This, also, does not 
exhibit an increase of activation energy, as compared with lead-saturated gold. 

Frequency numbers.—^Hitherto, only the activation energy, the term q 
in eqn. (i), has been considered. The actual absolute reaction velocity is deter- 
mm^ by this and the temperature-independent frequency factor Aq or its log¬ 
arithm B. This factor, in a zero-order reaction, ought to be a lattice frequency 
of V lo^® sec.“^, multiplied by the number of moles covering the unit surface. 
Expressed in flow’ rate of the reaction products, this product has been calculated 
to be lo'^ to lo^ cm.® min.“^ cm.’**. The experimental evidence shows that 

w Schwab, Proc. XI Int. Congr, Pure AppL Chem. (London, 1947). 
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this value gives an upper limit onty for fully active surfaces. In real systems, 
the measured .B-values are much less, and the smaller this is, the lower is the 
activation energy. The empirical relation 

B = -{■ qjh . . . . • (4) 

has been shown to be a general law of heterogeneous catalysis. It indicates 
that a low activation energy is always, at least in part, compensated by a low 
jB-value. Eqn. (4) is explained by assuming that centres with high aciivation 
energies at a catalytic surface are more frequent than very active centres with 
low activation energies. The magnitude h is a parameter determining the dis¬ 
tribution law of the active centres in the surface. It often depends on the 
temperature at which the distribution equilibrium has been established. Fig. 4 



shows that eqn. (4) is valid for alloy dehj’drogenation catalysts. B has been 
plotted against and two straight lines represent the results approximately, 
one for the cubic face-centred metals (a phases) and another one for other 
lattice types. We assume, at least preliminarily, that this does not signify a 
difEerent A-value, but that it is due to the greater hardness of alloys other than 
a phases. This results in a greater roughness of the broken surfaces of the 
pieces, while B refers to the geometrical minimum surface. 

Mechanical hardness.—^The increase of hardness with increasing activa¬ 
tion energy is a general feature of dehydrogenating alloys and very generally 
the hardness shows the same dependence electron concentration and lattice 
t>^e as do electrical resistance and activation energy. This is illustrated in 
Fig. 2 which contains the three curves for the Cu-Sn system. It has been 
sho'wn that the hardness increase is due to an increased formation energy 
of atom dislocations and it was suggested that this in turn is due to the greater 
resistance against increases in local atomic distance (zone volume decreases) 
found in phases with a nearly full Brillouin zone. From this point of view, the 
question whether an observed high hardness is of electronic or of structural 
nature, can be checked by measuring the activation energy of dehydrogenation. 
The hardness of carbon steel or of martensite may be due to the increased electron 
concentration of martensite as compared with ferrite (a iron), as similar hardness 
increases are observed in other alloy systems of similar EC. A direct proof 
is to be seen in the fact • that hardened steel dehydrogenates fcimic acid with 
an activation energy of 25 kcal./mole whereas soft pure iron or annealed steel 
requires 20 kcal./mole only. 

Thus, it appears possible to utilize the dehydrogenation catalysis on the 
basis of its clear-cut electronic mechanism as a useful auxiliary method for alloy 
research. 

Dept, of Inorganic, Physical and Catalytic Chemistry, 

Institute Nicolaos Ca^iellopoutos, 

Piraeus, 

Greece. 


Schwab and Pesmatjoglou, HedvalUFestskrift, Gdteborg, 1948, 533. 
Schwab, Trans, Faraday Soc., 1949, 45, 385. 




THE PARAHYDROGEN CONVERSION ON 
PALLADIUM-GOLD ALLOYS* 


By a. Couper and D. D. Eley 
Received ^oth January, 1950 

The activation energy of the parahydrogen conversion on palladium-rich 
alloys is 3*5 kcal./mole and increases abruptly between 40 and 30 atomic per cent, 
palladium to the value of 8*5 kcal. found for gold-rich alloys. Magnetic measure¬ 
ments have identified this composition as corresponding to the complete filhng 
of the i?-band, or atomic c 2 -orbitals, with electrons. Vacant d-orbitals are there¬ 
fore essential for the low-temperature catalysis, and it is suggested that they 
bond the chemisorbed hydrogen atoms M—^H. The reaction goes through a 
triatomic H3 complex formed by entry of an Hg molecule from the van der 
Waals layer, 

H--H—H 

M—H + -> ^ ^-uHa + M-—H. 

It is postulated that each site exerts two bonds to the activated complex, 
employing “ atomic " d and hybrid metallic orbitals. The values 

of temperature-independent factor found agree with earlier calculations for 
this mechanism. The ^ 2 -band of palladium may also be filled by electrons from 
dissolved hydrogen atoms which cause a similar increase in activation energy. 


This work ^ was initiated in Bristol University in 1945 in an attempt 
to relate the activity of transition metal catalysts to their electronic 
structure. In the past various efforts have been made to provide a 
theoretical basis for catalyst activity, by relating catalytic activity to 
lattice spacing. Thus, on the experimental side there are the papers 
by Balandin,* Long et al.,^ Twigg, Herington and Rideal,*» ® and Beeck 
and his co-workers.«» ’ On the theoretical side, calculations of the chemi¬ 
sorption of hydrogen molecules by the Eyring-Polanyi method indicate 
a marked effect of the lattice-spacing in the surface on the activation 
energy of the process.** • Recent advances in our knowledge of the 
met^c state now make it possible to begin a more fundamental approach 
to the problem, and to attempt to relate catalyst activity to the nature 
and occupation of the electronic energy levels of the catalyst. 

All those metals active as hydrogenation catalysts fall into the group 
of transition elements, with the exception of copper which, in general, 
has a higher activation energy than the others. The atoms of these ele¬ 
ments possess partly empty d-shells and the theory of the bulk metal may 
be treated by either of two methods. The first method, due to Mott and 

* Part I in a series of papers on the Electronic Basis of Catalyst Activity. 

1 Couper and Eley, Nature, 1949, ifi4» 578. 

*Batodin, Z. physih, Chem, A, 1927, 126, 267; B, 1929, 2, 289 ; B, 1929, 
3, 167. ® Long, Frazer and Ott, /. Amer, Ckem. Soc., 1934, 56, iioi. 

* Twigg and Rideal, Trans. Faraday Soc., 1940, 36, 533. 

* Herington, ibid., 1941» 37» 

* Beeck, Smith and Vhieeler, Proc. Roy, Soc, A, 1940, 177, 62. 

’ Beeck, Rei/. Mod. Physics^ I945> 

8 Sherman and Eyring, /. Amer. Chem. Soc., 1932, 54, 2661. Sherman, 
Sun and Eyring, J. Chem. Physics, 1934, 3» 49- 

* Okamoto, Horiuti and Hirota, Sd. Papers Inst, Phys. Chem, Res., Tokyo, 
1936, 29, 223. 
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Jones, is an extension of the free-electron theoty of Bloch, and con¬ 
siders that the “ valency ” electrons lie in two energy bands, a broad 
5-band overlapping a narrow dJ-band. The s-band can accommodate 
at most two electrons per atom and the d-hdJoA 10 electrons per atom, and 
thus there is a relatively high density of energy states in the t^-band. 
The electrons fill up both bands to the same energy level. Hence in the 
element palladium, of the 10 valency electrons approximately 9-4 enter 
the ^-band and o-6 enter the s-band. Thus, there are 10 — 9-4 = o*6 
positive holes in the i-band. Alloying this metal with approximately 
60 atomic per cent.* of silver or gold lowers the paramagnetism to zero, 
in agreement with the above model, which requires that the s-electron 
of the added monovalent element goes to fill the 0*6 holes in the f?-band 
of the palladium. Besides paramagnetism, positive holes in the (?-band 
give rise to high heat capacity, electrical resistance, and other properties. 
On this view we should be inclined to associate the catalytic activity of 
the transition metals with their partly empty (f-band,^^ and a promising 
line of investigation should be the catalytic activity of an alloy such as 
that of palladium with gold, where changes in lattice spacing are small. 
That it is not entirely possible to separate lattice spacing from electronic 
structure effects in metals is shown by the valence bond treatment due to 
Pauling. This author, also arguing from the magnetic data, considers 
that the bonds between atoms in a transition metal are electron pair 
bonds using hybrid metal orbitals built up from 2*56 orbitals, the 
5s and 2*22 sP orbitals, viz. The remaining 2*44 d orbitals 

are “ atomic ” orbitals. Of the valency electrons available in the transi¬ 
tion metals, 5-78 are supposed to be used for bonds, so that in palladium 
with 10 electrons 4*22 are left to enter the atomic orbitals, leaving 
2 X 2*44 — 4*22 = 0*66 unpaired electrons in the atomic orbitals. 

The 5*78 bonds resonate between the 12 neighbours surrounding the 
centre atom. Thus, what are holes in the e^-band on the free electron 
theory are unpaired d-electrons on the Pauling theory. These actual 
numbers were developed to explain the chromium-coppcr series, but are 
approximately applicable to palladium. 

In any attempts to apply such theories to catalysis, it is easiest to 
assume, in the first instance, that the electronic structures of the bulk 
metal persist unchanged into the surface layer w^here catalysis occurs. 
Investigations of the theory of surface energy levels have been made on 
the basis of the free electron model but are not yet sufi&ciently 

developed to apply to transition metals. From the point of view of 
valence bond theory this means assuming that there is no change in 
orbital hybridization at the surface, either alone or in the presence of 
the reacting substrate. 

WTiile this work was in progress, our attention was drawn by the note 
by Dowden to the interesting w^ork of Rienacker, who has made extensive 
investigations of the catalytic properties of alloys, though not from the 
theoretical view-point adopted here. His latest paper with Sarry,” 
will be discussed later. Magnetic and crystallographic data support 
the suitability of palladium-gold and palladium-hydrogen systems for 
the present work. Nickel has the complicating feature of ferromagnetism, 
and some of the other alloys show departures from the simple theory. 

Mott and Jones, The Properties of Metals and Alloys (London, 1936). 

* All the alloy compositions in this paper are given as atomic percentages. 

Eley, Research^ 1948, i, 304. 

Pauling, Physic. Rev., 1938, 54, 899; J. Amer. Chem. Soc., 1947, 69, 542. 
Pauling and Ewing, Rev. Mod. Physics, 1948, ao, 112. 

Lennard-Jones, Trans. Faraday Soc., 1932, 28, 333. 

Shockley, Physic. Rev., I939* 3^7* and references cited therein. 

“ Pollard, ibid., 1939. 3 ^ 4 - 

Dowden, Research, 1948, i, 239. 

Rienacker and Sarry, Z. anorg. Chem., 1948, 257, 41. 
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In palladium-gold the evidence indicates that the lattice constant in¬ 
creases from 3*88 A (Pd) to 4*07 A (Au) almost linearly, all the alloys 
being homogeneous, face-centred cubic systems. No information is 
available on phase-separation in palladium-gold, but since no special 
heat treatment was given we may assume that all the alloys are in the 
“ disordered state, a view supported by the electrical resistance data 
given in the next section. For palladium-hydrogen there is the complica¬ 
tion of two phases, a and For the a phase the lattice constant 

vanes scarcely at all from o to 56 atomic per cent, hydrogen, being about 
3*88 A. Bet^veen 3 and 10 atomic per cent, hydrogen, however, the j8 
phase appears, with a lattice spacing var3dng upwards from 3*97 A. The 
existence of tliis second phase is little understood. 

Experimental 

The palladium-gold alloy wires, 42 s.w.G., 0*1032 mm. diameter, were ob¬ 
tained from Johnson Matthey, Ltd. A satisfactoiy check on their homogeneity 
and composition is given by values of the specific resistance. As shown in 
Fig. I, these agree very well with the earlier data of Geibel.*i The catalyst 



Fig. I. —The specific resistance of the alloy wires used as catalysts, compared 
with the data of Geibel. 

□ W. Geibel; O Alloys used as catalysts. 

consisted of a 15 cm. length of wire sealed down the axis of a cylindrical Hysil 
reaction vessel. This was connected via a liquid air trap and mercury cut-off to 
an apparatus essentially the same as that used in the work on tungsten wires,*® 
The apparatus was baked out initially and the resistance-temperature relation 
^tablished for the catalyst wire. The reaction vessel was then immersed in 
liquid oxygen, parahydrogen admitted, and at zero time the catalyst filament 
was heated elecitxically to the required temperature. The hydrogens used were 
all purified by passage throu^ a palladium thimble and stored over sodium 
films. Analyses were made with a microPirani gauge.*® 

Mundt, Ann. Physik, 1934, 19 {5), 721. 

“ Linde and Borelius, iUd., 1927, ^ (4), 747. 

*® Kruger and Gehm, ibid., 1933, 16 {5), 174. 

Geibel, Z, anorg. Chew., 1911, 69, 38. 

**Eley and Ride^, Proc. Roy. Soc. A, 1941, 178, 429. 

** Bolland and Melville, Trans. Faraday Soc., 1937, 33, 1316. 
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A new method was used to clean the filaments from oxygen, since heating 
in vacuo to a high temperature was precluded by the low melting points of the 
alloys. The reaction vessel was surrounded by a coil of five turns of wire 
connected to an oscillator, immersed in liquid oxygen, and filled with o*i mm. 
hydrogen gas. On switching on the oscillator a current of 2*9 A at a frequency 
of 15 Me./sec. passed through the coil, giving a luminous discharge which was 
continued for 5 mm. The work of Johnson “ and tests with the homogeneous 
parahydrogen conversion ^ showed that the concentration of hydrogen atoms 
m the discharge was quite adequate to clean the filament. It was essential 
to heat the wire in vacuo subsequently at 700-900° K to remove dissolved hydro¬ 
gen atoms. This method was used with all the wires from pure gold to 90 
atomic per cent, palladium, namely, Au, 10 % Pd, 20 % Pd, 30 % Pd, 55-2 % 
Pd, 70 % Pd. The solubility of hydrogen atoms in 90 % Pd and Pd was so high 
that it was found better to clean these wires by heating in molecular hydrogen 
at 600° K, followed by a period of outgassing at 700-900° K. 

Activation Energy and Frequency Factor in Palladium-Gold Alloys.— 
A series of experiments was made for each wire at 1*2 mm. Hg pressure over 
as wide a range of temperatures as possible. In many cases the results were 
checked with a second specimen of wire. The reaction velocities were expressed 
in terms of the first-order constant defined bdow, which has frequently 
been found,*®* ** and again in the present investigation, to describe accurately 
the course of the reaction. Here 



w’here Co(C*) is the concentration of parahydrogen in excess of the equilibrium 
value at time zero (t). A set of typical results in Fig. 2 shows that the effect 



Fig. 2. —^Typical Arrhenius lines for the parahydrogen conversion on Pd/Au 
alloys of smaller Pd content. 

O 55’2 atomic % Pd. X 30 atomic % Pd. 

A 40 „ %Pd. □ 20 „ %Pd. 

of temperature is given by the Arrhenius equation, = Be- In general, 

the activation energy E may be obtained with a maximum uncertainty of 
± 0*3 kcal., with a corresponding uncertainty in B of a factor 4. To coirect 
for differences in reaction volume and catalyst area A, we employ B® = B{VIA}, 

** Johnson, Proc. Roy. Soc. A, 1929, 123, 603. 

Farkas, Orthohydrogen, Parahydrogen and Heavy Hydrogen (Cambridge, 

1935)* 
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the value of the frequency factor for unit volume and unit area, usually given 
in units of cm. min.~^. The results are collected in Table I. 


TABLE I.— ^Activation Energy E and Frequency Factor 


Atomic 

Pd in AUoy 

Temp. “K 

jE cal. mole"! 

J 3 min."! 

B® cm. min,"! 

100 (a) 

170-330 

3640 

4*68 X 10® 

2*75 X 10® 

100 {b) 

170-330 

3960 

1*20 X 10® 

7*05 X 10® 

100 (c) 

170-330 

3980 

4*90 X 10® 

2*59 X 10® 

100 (d) 

170-330 

3140 

6*74 X 10 

3*96 X 10* 

90 

180-350 

3980 

8*51 X 10® 

4*82 X 10® 

70 (e)* 

200-500 

3470 

1*15 X 10 

5*40 X 10® 

70 If)* 

150-330 

3170 

1*02 X 10® 

4-So X 10® 

70 ig) 

150-330 

2820 

7*58 X 10® 

3*56 X 10® 

70 (A) 

150-330 

3190 

7*59 X io» 

4*10 X 10® 

55 -* 

170-330 

3520 

6*30 X 10® 

2*99 X 10® 

40 

150-350 

2960 

2*04 X 10 

1*14 X 10* 

40 U) 

200-400 

31S0 

2*95 X 10 

1*82 X 10* 

30 

400-800 

8000 

2*34 X 10® 

I*l8 X 10® 

20 

370-1000 

8950 

1*51 X 10® 

7*41 X 10* 

20 (A) ' 

370-1000 

7850 

1*31 X 10* 

6*35 X 10* 

10 

300-750 

8600 

6*45 X 10 

3*72 X 10* 

0(1) 

500-S00 

17500 

1*25 X 10® 

2*o6 X 10* 

0 (m)* 

500-770 

17500 

5*83 X 10® 

8*31 X 10* 


* indicates not plotted in Fig. 3, 4. 

Notes. —(a) First specimen—^first determination, (h) First specimen— 
second determination, {c) Second specimen, (d) After " activation ** by 
oxidation and reduction, {e) First specimen, heated at 600° K in hydrogen 
and then in vacuo. (/) First specimen, heated at 900® K in hydrogen and then 
in vacuo, (g) First specimen, discharge applied, outgassed at 800° K. (A) 
Second specimen, discharge applied, outgassed at 750® K. (j) Second specimen. 
(A) Second specimen. ( 7 ) Gold wire, 60 cm, long, (w) Gold foil in vessel, 
walls at catalyst temperature. 



Fig. 3.—^The parahydrogen conversion on the Pd/Au alloys (points omitted). 

1. Pure An. 4. 30 at. % Pd. 7. 70 at. % Pd. 

2. 10 at. % Pd, 5. 40 „ 8. 90 

3 - ** 6. 55-2 „ 9. Pure Pd. 
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Fig. 4.—Activation energy and 5 ® as a function of composition. The broken 
line X denotes the paramagnetic susceptibility in arbitrary units (Vogt, Ann, 
Physik,, 193 ^ U ( 5 ). i). 

The catalysts fall into two groups in a most striking fashion, as shown 
particularly in Fig. 3, or in Fig, 4 in which E and logi© are plotted as a function 
of atomic composition. 

The data m Table I are completely described by the footnotes, but one or 
two further points are of importance. Thus, as noted by Farkas,®® a palladium 
wire heated at 573° K successively in oxygen, hydrogen and vacuum, has a 
more than usually active surface. The effect is seen to be due to a decrease in 
F, and there is also a decrease in J 5 ® below the usual value, which would rule out 
the view that this treatment increases the surface area of the catalyst. Arguing 
from our results, described later, on the poisoning effect of hydrogen dissolved 
in palUdium, vre suggest tentatively that the effect of the initial oxygen treat¬ 
ment is to remove dissolved hydrogen atoms. This would imply that the wires 
prepared simply by heating in hydrogen, that is, the first three examples, still 
contained, even after prolonged outgassing, a little (perhaps 0.5 atomic per cent.l 
dissolved hydrogen. vr r ^ ; 

The surface oxygen film seemed to vary somewhat in its reducibility by 
molecular hydrogen, from alloy to alloy. Thus, palladium remained inactive 
until it was heated to at least 320° K in hydrogen, while the oxygen film on 
90 % Pd -was removed at 250® K. 55-2 % Pd coidd not be activated by molec¬ 
ular hydrogen even at 850® K and the discharge method was essential for these 
alloys. 

A paramagnetic conversion was detectable on a gold foil at low temperatures, 
and will be discussed in another paper. 

*® Farkas, Trans, Faraday Soc„ 1936, 32, 1617. 
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Reaction Order.—^Let the reaction vessel, volume V, having its walls at 
Ty (here 90° K), contain n molecules of hydrogen, and the surface area of catalyst 
be A cm.® and contain / adsorption sites per cm.®. We suppose that a fraction 
a of the sites are occupied, and that ^p(^o) 3 ^® first-order constants for the 
change para ->■ ortho (ortho ->■ para). It may be shown that 

A. = ^ (Ao + A.) 

and substituting n = pVjkXy, where p is the pressure of hydrogen gas. 


he 


AfkTy 

V 


(^0 + h ^) 


Some time ago Eley remarked that the data then available supported the 
view that a oc p^l ^, the Freundlich isotherm, over wide ranges of pressure. 
We have now made specific investigations on this point for wire catalysts, and 
have found that tungsten wires and the 40 % Pd wire accurately obey the Lang¬ 
muir isotherm, so we write 

G = bp /(I + bp) 

and = 


We have tested pure gold and 40 % Pd at their average working temperatures 
of 600° K and 350° K respectively. The gold catalyst gave a truly first-order 
reaction, that is, kg independent of p so that bp and the 40 % Pd catalyst 
was very nearly first-order at i mm. Hg pressure. Attempts to obtain a pressure 
dependency experiment on pure palladium failed for the reason below. 

Hydrogen-charged Palladium Catalysts.—In Fig. 5 we show the efiect 



Fig. 5.—^Variation of conversion velocity on palladium with pressure. 

0 1*2 mm. A 6-1 mm. 

of simply raising the pressure from the standard value of 1*2 mm. to 6*i mm. 
pressure. The result is an increase in activation energy to 6500 cal. This 
effect can only be due to an increased concentration of dissolved hydrogen atoms 
in the palladium, and so a palladium wire was charged wth atoms produced 
by the electrodeless discharge until no further solution took place, as judged 
by measuring the resistance of the wire at 90° or 298® K. Thus, in one series 
the resistance of the wire increased from 2*542 Q to 2*766 Q at 298® K. The 
data of Sieverts and Danz allow us to calculate that this wire has a hydrogen 
content of 8 atomic per cent., though the hydrogen is not necessarily distributed 
uniformly. It was found possible to carry out a series of parahydrogen con¬ 
versions on this wire in the range 290-400® K, since the wire did not lose dis¬ 
solved hydrogen at any appreciable rate. The effect of temperature on kg 

^ Eley, Trans. Faraday Soc., 1948, 44, 216. 

Sieverts and Danz, Z. physih^ Chem, J 5 , i937i 61. 
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at 1*2 mm. Hg pressure is shown in Fig. 6 , from which we calculate the ap¬ 
proximate values E ^ 11,000 cal. and B® = 1*17 X 10® cm. min.-^. 



Fig. 6. —Effect of hydrogen dissolved in palladium upon the activation energy. 
O Pd outgassed at boo® K in vacuo. 

□ Pd with dissolved hydrogen. 

The applicability of the Sieverts resistance against dissolved hydrogen 
relationship was confirmed in some solubility experiments on the 70 % Pd wire. 
The solubility effects described above were reversible, but after a certain amount 
of this kind of working, irreversible changes in the wire occurred. 


Discussion 

The Activation Ener^, E *—^From Fig. 4 we see that the activation 
energy for the conversion is about 3-5 kcal. for pure palladium and 
remains the same for all alloys down to 40 at. % Pd. Between 40 at. % 
Pd and 30 at. % Pd, the activation energy increases to 8*5 kcal., which 
is also the value for the 20 at. % Pd and 10 at. % Pd allo37s, beyond which 
it inci eases to the value of 17*5 kcal. for pure gold. The exact point at 
which the t^-band of palladium becomes ^ed has an uncertainty to an 
atom percentage of about 5 %. The recent magnetic work of Sieverts 
and Danz on the palladium-hydrogen system would put the point of 
zero susceptibility at 64 %, which would agree closely with the results 
of our catalytic -work. Clearly we are justified in associating a low activ¬ 
ation energr,’- with the presence of holes in the <f-band (free electron theory) 
or \^cant atomic tf-orbitals (valence bond theory). It is also clear that 
a bulk concentration of cf-vacancies of 5 atomic per cent, or even less 
suffices to maintain the activity of the catalyst. There must therefore 
be a mechanism by which ef-vacancies corresponding to a layer 33 atoms 
thick can be made available to hydrogen atoms adsorbed on the surface. 
Such beha\dour is presumably implicit in the free electron theory, or in 
the resonance of valence bonds. Catalytic activity, a surface property, 
is quite different from magnetic susceptibility, a bulk property, which 
decreases linearly with the concentration of gold or dissolved hydrogen, 
as shown in the dotted line in Fig. 4. The lattice spacing change over 
40 to 30 at. % Pd will only be 0-02 A. We may use Eyring’s calculations * 
to give an idea of the magmtude of the change in activation energy re¬ 
sulting from such a change in lattice spacing. In the neighbourhood 
of optimum spacing the result is o-oi kcal., and at the worst o*8 kcal., 
which is much less than the observed change of 5*0 kcal. 

The results are a little different for the palladium-hydrogen system in 
that the initial activation energy for pure palladium of 3-5 kcal. is in¬ 
creased to 6*5 kcal. by the solution of a very small amount of hydrogen. 
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An overall concentration of 8 at. % hydrogen, produced by electrical 
discharge, gave E kcal., which is larger than the E value for 

6o at. % Au. In the first place we are of the opinion that the hydrogen 
atoms are concentrated in the outer layers of the wire. Such a skin 
effect always occurs in the solution of hydrogen in palladium unless 
special precautions are taken.-® Thus, an overall concentration of 
8 at. % in our wire is easily sho-wTi to correspond to 64 at. % in the 
outermost 30,000 atomic layers. Secondly, it is quite possible that the 
presence of the j8 phase with relatively large spacing gives rise to an in¬ 
crease in E additional to that arising from the filling of the ^-band. A 
non-homogeneous distribution of hydrogen in the wire would explain 
the disrupting effect of continual solution and removal of hydrogen. 

It is a matter for some satisfaction that these results are qualitatively 
similar, both for E and to the results recently published by Rienacker 
and Sarry for the parahydrogen conversion on copper-platinum foils, 
except that the change in £ in tiieir work occurs at 16 at. % Pt, that is. 
some way from the 40 % value, and is less abrupt.* Thus, some of the 
remarks we make here may be applicable to their work also. 

The Frequency Factor JJ®.—In a previous paper Eley gives a 
calculation of J 5 ° for the exchange mechanism, viz., 

+ HM-MH -f oHa, 

conversion occurring by an exchange of atoms between a parahydrogen 
molecule in a van der Waals* layer and a hydrogen atom in an underlying 
complete chemisorbed layer, indicated by MH. For a dilute van der 
Wagds* layer, as found here, palladium at 297® K and a reaction volume 
of 400 cm.*, the calculated value -was B = 200. Thus, the value of 
is 200 X 300 = 6 X 10^ cm. min.“^. This value is calculated for 
/ = 1*2 X lo’-* sites per cm.* and it is better to take a more exact value 
of / so as to allow for the variation from palladium to gold. Accordingly 
we use the formula B® == 8-6i X io“*“ //T^, which follows from eqn. (20) 
of ref. 27, We obtain the values in the Table below, taking as / the mean 
values for the (no) and (loo) planes. 


TABLE II.— Calculated Values of B’ 


Alloy 

Av. T «K 

/per cm.* 

B® calc. 

expt. 

Pd 

250 

1*15 X io*« 

6-26 X 10* 

«-^4 X 10 * 

40 % Pd 

300 

1*07 X 10^* 

5*32 X 10* 

I*I X 10* 

Au 

600 

1*02 X 10“ 

1 

3*58 X 10^ 

2'I X 10^ 


The calculated B° values are shown in Fig. 3 by a dotted line. The 
agreement is good, considering the difScult nature of the problem and 
bears out the conclusions of the earlier work based on data available in 
the literature. However, later, so far unpublished, calculations show 
that the Bonhoeffer-Farlms mechanism may possess the same value of 
B®, so that we cannot have a decision on mechanism on this ground alone. 
In this connection we have to qualify the remarks in an earlier paper 
{ref. 22, p. 449). 

cf-Levels and Catalysis. —^The only certain conclusion from the 
present experiments is that ^f-vacancies are essential in bonding the 
activated complex of the conversion reaction. It is, however, well 
worth postulating a detailed reaction path so as to take the analysis 
further. The original exchange mechanism *® for the conversion involved 

*® I^ger and Gehm, Ann, Physih, 1933, *<5 (5). I90- 

* Rienacker and Gaubatz {A,C,S. Ahsfr.^ 1941, 35, 5944) gave magnetic 
data which indicate that the i-band is filled at about 50% Pt in Pt—Cu ^oys. 

»® Rideal, Pfoc, Catnb, Phil. Soc., 1938, 35,130, 
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the adsorption of the hydrogen molecule over empty sites in the chemi¬ 
sorbed layer, but we have found no evidence for these sites (cf. remarks 
in a review ®^), so we prefer to formulate the mechanism using a single 
site in the metal surface. This involves a departure from the usual 
Langmuir postulate, at least for activated complexes. We write 

H H- -H- -H Ha H 

I ^ I 

M ''M/ M 

and for the equivalent formation of hydrogen deuteride, 

H Dj H- -D- -D HD D 

I \ I 

M M 

There is a little evidence that the <^-vacancies, i.e. unpaired ^^-electrons, 
are concerned with the initial MH bond. Thus, copper, which has no 
unpaired i2-electrons, has a heat of chemisorption of hydrogen of only 
9 kcal./mole compared with average values of 30 kcal. for tungsten ®® 
and 24 kcal. for nickel.’ The hydrogen on copper, and presumably 
gold also, will then be held by the orbitals ♦ relatively weakly 

because a large part of the bonding power will be concerned with the 
metal itself. For palladium the hydrogen atom is either bonded by the 
unpaired i-electron, the simplest view to take, or the atomic ^^-orbitals 
are used to form a metal hybrid surface orbital containing more d than 
the usual 2*56. This notion that the atomic ^^-electrons hold the hydrogen 
is in accordance with the qualitative e\’idence that hydrogenation catalysts 
adsorb hydrogen strongly. The H3 activated complex will then be held 
by a ^i-bond and a metil hybrid bond to the metal site, and resonance 
betsveen the three or more canonical states will be fundamental in lowering 
the energy of the complex. Wken the ^-band becomes full, there may 
possibly occur a change over to the Bonhoeffer-Farkas mechanism for 
the conversion, 

2]VIH ^ 2M 4 - Hj 

when the activation energy will be related to the heat of desorption of 
the chemisorbed hydrogen as molecules. The jB® factor would not neces¬ 
sarily show any marked change in value, according to a transition state 
analysis of the recombination mechanism, to be published later. It seems 
quite certain that the Bonhoeffer-Farkas mechanism must set in at a 
certain relatively high temperature for all metals, and measurements of 
chemisorption on the alloys which we have planned should enable this 
temperature to be calculated. 

The value of E = 17*5 kcal. for pure gold requires a little discussion. 
Unlike the alloys, for gold the log ft, against i /T plot is markedly curved, 
E increasing continuously as T increases. The upper temperature of 
800® K for the gold Avire is approaching the temperature at which the 
homogeneous conversion of parahydrogen through hydrogen atoms is 
observed. In this region we shall have to anticipate yet a third mechanism 
for the parahydrogen conversion, that is, a reaction in the gas phase set 
off by hydrogen atoms desorbed from the gold surface. 

An—H Au 4- H ; 

H 4. 0H3 4- H. 

Returning now to the exchange mechanism which is the fundamental 
process at low temperatures, the question whether or not the H^ complex 

®i Eley, Quart. Rev., I 949 » 3 , 209. 

®® Ward, Proc. Roy. Soc. A, 1931, 133, 506. 

** Roberts, ibid., 1935, 152, 445. 

* Hereafter called metal hybrid orbital. 
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may be formed will depend largely on steric conditions within the chemi¬ 
sorbed layer. Fig. 7 shows that linear and possibly triangular complexes 
are sterically possible on the (no) plane of palladium, but scarcely so on 
the (100) plane. The linear complex would be analogous to the complex 

(/fO) p/ane 



Fig, 7.—Hydrogen atoms on sites in the no and 100 planes of palladium. 

3-atom complexes are easily formed on the (no) plane, 

found in the gaseous reaction.®^ It may be hoped that other simple 
reactions will fit into a similar picture, and in this connection the least 
dense lattice planes of nickel and other metals have been stated to be 
the most effective lattice planes for the hydrogenation of ethylene.* 

Besides lowering the energy of the activated state, the resonance 
energy of the initial state may influence the reaction. Following up an 
earlier suggestion,®* Eley has shown how the chemisorption of benzene 
most probably takes place by opening of the double bond. In this way 
we get a low heat of adsorption due to loss of resonance energy, and a 
consequent exchange reaction with hydrogen sensitive to benzene pressure 
and with a low activation energy of 9 kcal. By contrast, the reaction 
with ethylene is zero order in the ethylene and has an activation energy 
of about 20 kcal. 

®* Eynng and Polanyi, Z. physik, Chem, B, 1931, la, 279. 

** Smith and Meriwether, J. Amer, Ch&m, Soc., 1949, 71, 413. 
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As pointed out in our note ^ the 20-fold decrease in R® from palladium 
to gold (loo-fold from platinum to copper is in accordance with Dowden’s 
suggestion that the entropy of activation may be influenced by the 
density of electronic states. In our calculation of R® we, in effect, as¬ 
sumed that the ratio of electronic weights in initial and activated states 
was unity. Until we have further investigated the much more marked 
changes in JB° that arise from other factors, as in the effect of dissolved 
hydrogen, w'e reserve any further comment on this point. 

Bond Type in Chemisorbed Hydrogen.—^We shall conclude with 
an explicit statement of our views on the hypothesis that chemi¬ 

sorbed hydrogen atoms are ionized on the surface of transition metals. 
On the theoretical side, our objections are essentially the same as those 
of Emmett and Teller.*® Let I denote ionization potential, E electron 
afi&nity, work function, r the spacing from the chemisorbed ion to the 
surface, and e the electronic charge. Then there are three possible 
processes, for which we wish to calculate AEads. the internal energy change 
on chemisorption from hydrogen molecules. Dh* is the dissociation 
energy of a hydrogen molecule. 

\V + -> W- . . . H+ 

AEada. = • • * (l) 

W H- iH, -W+ . . . H“ 

AEadB. = + ^10 — t;;* * • • ( 2 ) 

W -}- Ha -> W- . . . HJ 

AEadfl. = Ifla — • • • • {4) 

Data and results are listed in Table III and from this it is quite clear 
that all the ionization processes are prohibitively endothermic, involving 
AEads. 10 eV ^^230 kcal. No assistance is to be expected from the 
entropy change. 

TABLE III 


Bond. 

f(A) 

/ ; 
eV. j 

eV. 

B 

eV. 

t - l/f 

D^.eV. 

eV. 

w-. . . 

H+ 

1*41-1-0 = 1*41 

13-59 

4*54 


2*52 

4-46 

10*99 

w+. . . 

H- 

1*41-|-2-o8 = 3*49 

— 

4*54 

0*7 

1*02 

4-46 

7*28 

w-. . . 

H? 

1*414-0*60 = 2*01 

16*2 

4*54 


1*78 

4-46 

9-88 


On the experimental side, Bosworth's value for the W—H contact 
potential of — 1*04 V corresponds to the small dipole of 0*4 D, i,e. about 
one-tenth of an electronic charge (negative) on the H atom. Oatley*s 
value for Pt—H of -f- 1-17 V corresponds to a similar small positive charge, 
on the hydrogen atom. Both bonds are essentially covalent bonds of 
low polarity, such as a single electron or electron pair bond might 
be. It is our belief that many misconceptions have been based on 
Coehn’s demonstration of the positive nature of hydrogen atoms dis- 
soh'ed in palladium. Calculation, however, shows that the positive 
charge per hydrogen atom is only one-fiftieth of an electronic charge.*® 

*« Schmidt, Chem, Rev., 1933, la, 363. 

Nyrop, The Catalytic Action of Surfaces, 2nd Edn. (London, 1937). 

*® Emmett and Teller, i2^A Report Comm, on Catalysis (New York, 1940), 
p. 68. *• Bosworth, Proc. Camb. Phil. Soc., 1937, 33» 394- 

Oatley, Proc. Physic. Soc., 1939,51, 318. 

“ Coehn and Specht, Z. Physik., 1930, 62, i. 

*® Duhm, ibid., 1935, 94, 434. 
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Dissolved Hydrogen as a Catalyst Poison.—^The results of this 
paper help to throw light on a number of obscure points in the literature. 
Thus, we have Willstatter's observations on the loss of activity of 
hydrogenation catalysts which might be reactivated with oxygen, and 
the loss of activity of platinum cathodes with continual discharge of 
hydrogen.** Films of platinum and palladium formed by sputtering 
in vacuo are good catalysts, but formed in hydrogen are quite inactive.** 
The active films did not contain occluded oxygen, which argues against 
the Roginsky hypothesis that pure metals are inactive, but may be 
activated by the merest traces of dissolved oxygen or other gas. Most 
striking of ^ are the results of Farkas on the parahydrogen conversion 
on the inlet and outlet sides of a palladium disc and a palladium tube 
through which hydrogen is diffusing. The activation energy for the 
conversion is notably higher on the inlet side where the concentration 
of dissolved hydrogen atoms will naturally be higher than on the outlet 
side. This experiment definitely shows that only energy states in a piece 
of metal in the immediate neighbourhood of the surface can influence 
the catalytic effect. On this view the activation of platinum catalysts 
by oxidation, e.g. platinum foil by anodic polarization (Faraday *’) or 
by chromic acid, or platinum black by oxygen ** is due, at least in part, 
to removal of hydrogen atoms dissolved or embedded ” in the surface. 
That the effect of dissolved hydrogen is a complex one is shown by the 
fact that while E is raised, S® is also raised powers of ten above the 
normal value. Abnormally high values of may be associated with the 
presence of a distribution of sites of activity,^ but further comment is 
reserved for a future paper. 

Our best thanks are due to the Chemical Society and the Anglo- 
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to the Royal Society for an optical pyrometer, and to the D.S.I.R. for a 
research grant to A. C. 
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« Willstatter and Jacquet, Ber,, 1918, 51, 767. Willstatter and Waldschmidt- 
Leitz, ibid,, 1921, 54, 113. 

** Hammett, J, Amer. Chem. Soc., 1924, 46, 7. 

Bredig and Allolio, Z. physik. Chem., 1927, 126, 41. 

*• Roginsky, J, Phys, Chem. U.S.S.R., 1941, 15, i. Ablesowa and Roginsk\', 
Z, physik. Chem., 1935, 174, 449. 

Faraday, Experimental Researches in Eleciridiy (London, 1914). 
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Analysis of the “ electronic factor ” in heterogeneous catalysis suggests 
that activity of Ni—Fe alloys in multiple bond hydrogenation should increase 
rapidly in the region where the energy density of electron levels at the Fermi 
surface rises; moreover, that reactions controlled by the rate of transfer of 
an electron from metal to substrate should, in the Ni—Cu alloys, decrease in 
rate as the 3d-band begins to empty. Experiments on styrene hydrogenation 
over Ni—Fe catalysts and hydrogen peroxide decomposition on Ni—Cu alloy 
foils provide general confirmation of these predictions. Methanol and formic 
acid decompositions on the Ni—Cu alloys decrease in speed as the 3d-band 
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holes axe filled, following the pattern of multiple bond hydrogenation over 
supported Ni—Cu catalysts and further emphasize the role of the electronic 
factor in catalysis. 

Catalysis at the interface between solids and fluids is a complex phe¬ 
nomenon, the energetics of which are functions of a number of para¬ 
meters as yet insufficiently defined to provide the industrial chemist 
with a basis for fruitful calculation. However, it has proved useful to 
divide the parameters (somewhat arbitrarily) into two sets, one set being 
called the “ geometric factor “ ^ the other the electronic factor 
and to seek experimental correlations between the catalytic activity of 
solids and their other physical properties supposed to depend chiefly 
on the same factors. Thus the edge of the unit cell of metal catalysts 
with cubic lattices might be the gauge of the geometric factor and the 
magnetic properties the measure of the electronic factor. The early 
qualitative success of covalent bond theory as applied to the study of 
the activated complex,® and the newness of the theory of the solid state, 
resulted in most emphasis being placed on the geometric factor almost 
to the complete neglect of the effect of electron characteristics. 

Recent researches ® have re-established the practical value of the 
electron characteristics of solids as a guide to their catalytic activity 
whilst semi-empirical theory has provided a firmer footing for future 
endeavour. According to a new view *» ^ the activity of a metal depends 
on the values of the electronic exit -work function 6 , the energy density 
of electron levels at the Fermi surface gradient of the 

latter [dg(E) = G. Reactions proceeding at a velocity afifected 

by the rate of formation or the concentration of a chemisorbed positive 
ion or radical appear to be favoured by an increase in the value of each 
of these (when G is positive). When negative ions assume the dominant 
role reaction velocity should increase as 6 and g{E) decrease and when 
G decreases (especially to negative values). 

In particular, for the series of binary solid solutions containing one 
of the group 8 elements (Ni, Pd or Pt) together with one of the Group i 
elements (Cu, Ag or Au) and the binary alloys of iron, cobalt and nickel, 
the efficacy in multiple bond saturation or in dehydrogenation depends 
largely on the number and the characteristics of the holes in the fli-bands 
of the alloys. The activity diminishes as the number of holes falls to 
zero.'*»® For instance® the specific activity of a series of supported 
nickel-copper catalysts in styrene hydrogenation at 20® C decreased from 
a maximum at pure nickel to zero at the alloy of approximately the equi- 
atomic composition; this fall was paralleled by the gradual decline of 
ferromagnetic properties to zero at the same composition. Now the 
low-temperature electronic specific heat data of Keesom and Kurrel- 
meyer ® indicate, not only a sharp fall in g(E) at about the equi-atomic 
composition in the nickel-copper series of solid solutions but a sharp rise 
in the iron-nickel series somewhere between the binary alloys of com¬ 
position 80 Ni -j- 20 Fe and pure nickel. Theory suggests therefore that 
acthnty in multiple bond hy^drogenation over the nickel-iron alloys should 

^ Griffith, Recent Advances in Catalysis, Vol. I (Academic Press Inc., New 
York, 1948), p. 91. 

* Roginsky" and Schultz, Z. physik. Chem. A, 192S, 138, 2r ; Russell, Nature, 
1926, 117, 47. 

® Sherman and E3n:ing, /. Amer. Chem, Soc., 1932, 54, 2661. 

* Rienacker, Z. anorg, them,, 1938. 236, 252 ; ibid,, 1939, 242, 302 ; ibid,, 
1941, 248, 45 ; J. prakt. Chem,, 1941, 158, 95. 

* Dowden and Reynolds, Nature, 1949, 164, 50. 

® Couper and Eley, Nattire, 1949, 164, 578. 

’ Dowden, Research, 1948, i, 239; J, them. Soc. (in press). 

* Re3molds, J. Chem. Soc. (in press). 

* Keesom and Kurrelmeyer, Physica, 1940, 7, 1003. 
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increase rapidly at some point in this composition range. By way of 
contrast the decomposition of hydrogen peroxide, on the basis of the 
Haber-Weiss i®* mechanism for the ferrous ion catalyzed reaction, 
should involve electron transfer with anion formation according to the 
equation 

HaOa + metal electron OH“ + OH 

and requires that the decomposition rate over alloy catalysts should de¬ 
crease as holes appear in the ^?-band. This paper presents experimental 
results on styrene hydrogenation over supported nickel-iron catalysts 
and methanol, formic acid and hydrogen peroxide decomposition over 
nickel-copper foils, which are in general accord with these conclusions. 

Experimental 

Undoubtedly the best metal surfaces for catalytic work are those prepared 
by evaporation in vacuo. The difficulty of preparing homogeneous alloy films 
of this type leads instead, in these preliminary studies, to the choice of metal 
foils and supported metals closer to the orthodox, industrial model. 

Reactants: Hydrogen was prepared by electrolysis and purified by 
diffusion through a palladium thimble preceded and succeeded by liquid 
nitrogen traps. Hydrogen peroxide and methanol were both a.r. grade, the 
latter very low in sulphur content (3 parts per 10®). Pure styrene was vacuum- 
distilled, made up in methanol solution and treated with activated Raney nickel 
to remove residual poisons. A 90 % solution of pure formic acid was dried with 
phthalic anhydride and distilled to yield a formic acid feed containing only 
0*2 % of water. 

Nickel-Iron Catalysts. —^The nickel and iron were co-precipitated as 
carbonates upon a specially purified kieselguhr (specific area ^^5 m.* g.-^) 
using aqueous solutions of the pure nitrates and ammonium carbonate ; each 
catalyst contained a total weight of metal equal to 15*5 % of the weight of 
kieselguhr present. The products were dried, calcined for 4 hr. at 400® C, 
sieved through a 100 b.s.s. mesh and small lots i g. in thin layers) reduced 
by pure hydrogen during 40 hr. at 500® C. All measurements were done on 
the reduced catalysts winch were kept either under pure hydrogen or for very 
short times under the de-oxygenated liquid substrates. Specific areas were 
estimated by the Brunauer-Emmett-Teller “ method with argon (area 14*4 X io“^* 
cm.*) as the sorbate. X-ray examinations confirmed the presence of metal 
crystallites with face-centred cubic structure and showed the crystal size dis¬ 
tribution to be similar in each catalyst. Specific activities were therefore 
calculated using the specific areas from gas absorption. 

Nickel-Copper Foils, —Nine alloys, which together with the pure metals 
covered the whole composition range at 10 % intervals, w^ere prepared by Johnson 
Matthey and Co, Ltd. from spectroscopically standardized nickel and copper ; 
they and the pure metals were rolled into foils of 0*003 cm. thickness spectro¬ 
scopic analysis of which showed only faint impurity lines of silver, ciicium, 
silicon, ma^esium, iron and cobalt. The area of each foil was measured by 
a modification, due to Wooten and Brown,^® of the Brunauer-Emmett-Teller 
method using ethylene (area 17*55 X io~i® cm.*) as the substrate. It was found 
that the area by gas adsorption was only 85 % of the geometric area in accord 
wi^ some recent observations of Davis, De Witt and Emmett.^® However, 
this factor was the same for all the foils and since microscopic methods showed 
little variation in grain size over the series, the geometric area was used to 
obtain the specific activity. The magnetic susceptibilities of the copper-rich 
alloys were obtained with a Gouy balance and checked, in part, with a Suck- 
smith balance. 

Normal cleaning of the metal surfaces by treatment with pure hydrogen 
followed by extensive outgassing, both at 500® C, resulted in the deposition of 
a metal film on the walls of the Pyrex container. This treatment was in con¬ 
sequence abandoned in favour of a high frequency discharge in hydrogen 

Haber and Weiss, Proc. Roy. Soc. A, 1934, * 47 » 332. 

Weiss, Trems. Faraday Soc., 1935, 31, 1547. 

Beeck, Smith and Wheeler, Proo. Roy. Soc. A, 1940, 177, 62. 

Emmett, Brunauer and Teller, J. Amer. Chem. Soc., 1937, 59, 1553. 

Wooten and Brown, ibid., 1943, 65,113. 

“ Davis, De Witt and Emmett, J. Physic, Chem., 1947, 51, 1232. 
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(/^ 2 mm. Hg) prolonged intermittently for 12-24 hr. in a system containing 
a liquid nitrogen trap and alternating with pumping out at 10-® mm. Hg. The 
sole internal check of the success of this technique lies in the reproducibility 
of the results so obtained. Foils used in the decomposition of hydrogen per¬ 
oxide were pre-treated by immersion in 5 % nitric acid for 30 sec. followed by 
thorough washing with distilled water. As used the foils all possessed their 
bright metallic sheen without sign of thick {> 300 A) oxide film formation. 

Decomposition of Hydrogen Peroxide and Hydrogenation of Styrene.— 
The rate of evolution of oxygen from neutral hydrogen peroxide (HaOj ==0*058 
g. cm."®) and the rate of adsorption of pure hydrogen by st3rrene in methanol 
(10 cm.® of a 10 % solution) were followed with a soap-film flow-meter at atmo¬ 
spheric pressure and temperatures of 20° C to 80° C in a static system shaken 
at high speed (2000 c./min.). The hydrogenation over ^o*i g. catalyst was 
observed at the maximum shaking rate where the reaction velocity was almost 
independent of this rate. The decomposition of hydrogen peroxide over the 
foils (area 16 cm.®) showed for a given foil a maximum at an intermediate 
shaking rate which coincided with that giving the best contact, assessed visu¬ 
ally, between foil and substrate; the activity of each foil was measured at its 
optimum shaking rate. 

Decomposition of Formic Acid and Methanol.—^The decomposition of the 
vapours of fonmc acid and methanol over nickel-copper alloy foils was effected 
at atmospheric pressure in an apparatus similar to that described by Schwab 
but modified to permit pre-treatment of the foils with hydrogen in the electrode¬ 
less discharge and to permit vacuum out-gassing. The flow of reactant vapours 
was maintained at a constant value (90 cm.® sec."^) for a foil area of 40-120 cm.*, 
and the exit gases, substantially carbon monoxide or carbon dioxide and hydrogen 
measured with a soap-film flow-meter. The reactor temperature could be varied 
from 20° C to 520° C as recorded by a thermocouple, sheathed in thin glass 
and placed m contact with the foil. Blank runs gave small gas rates which 
necessitated very minor corrections to the rates of the metal cat^yzeci reactions. 

Results 

Styrene Hydrogenation.—^Fig, i contains the specific activity of the 
nickel-iron catalysts, in styrene hydrogenation at 20® C plotted against the 



Fig. I. —Effect of nickel content on the rate of hydrogenation of styrene by 

alloy catalysts. 

Curve A : Ni—Fe catalysts, Hj uptake cm.® min.~^ cm.~®, x 10*. 

Curve B ; Ni—Cu catalysts, Ha uptake cm.® mm."^ cm.-®, x lo*. 

Curve C : Number of holes per atom in the 3fl?-band. 

Cur^^e D : Coefficient of the electronic specific heat term ; x 10®, 
cal. mole-^ deg.-®. 

atomic fraction of nickel in the metal ciystals. Each point is the mean of at 
least ten tests with fresh catalysts and the vertical line represents the probable 

Schwab, /. Physic. Chem., 1946, 50, 427. 
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error. The pattern is completed by inclusion of results for a corresponding 
series of nickel-copper catalysts taken from an earlier paper and normalized ” 
to g^ve the pure nickel members of both senes the same specific activity. Also 
depicted is the variation with nickel content of the number of holes per atom 
in the alloy 3if-bands and the density of electron levels g(E), taken to be 
proportional to the electronic specific heat coefficient according to Keesom 
and Kurrelmever. Separate experiments showed that hydrogenation stopped at 
the ethyl benzene stage. 

Hydrogen Peroxide Decomposition.—Fig. 2 shows the specific activity 
of the nickel-copper foils. Each point is the mean of at least ten experiments 
with new foils and the vertical lines indicate the probable error. 



Fig. 2.—Specific activity of Ni—Cu alloys in hydrogen peroxide, formic acid 
and methanol decomposition. 

Curves A, B, C: Oj evolution from HjOg at 80® C, 70® C and 60® C respectively, 

cm.® min.“i cm.-®. 

Curve D : Total COj -f Hg exit gases from HCOOH at 253® C cm.® min.-’i cm.-*. 
Curve E : Total CO + Hg exit gases from CH3OH at 253° C cm.® min.-i cm.-*, 

X 10*. 

Curve F : Magnetic susceptibility of the foils in arbitrary units. 

The rates recorded are the constant values observed immediately after the 
attainment of steady shaking (within 15-30 sec. of zero time) and while the foils 
retained their pristine sheen without change of colour. In runs prolonged 
to 15 min. or more, the rates frequently showed a slow nse from the initial 
constant values but this was always accompanied by a loss of lustre and the 
appearance of a dirty red-brown colour indicative of thick oxide films ; such 
efi^ts have been neglected as not representative of metal or metal plus the 
thinnest films. Omission of the pre-tjeatment with dilute nitric acid did not 
change the character of the results but caused some loss of reproducibility. 
The activity at 60® C and 70® C of alloys containing more than 40 % of nickel 
was too sniall to estimate. The measured magnetic susceptibilities are given 
in arbitrary units ; a small field-dependence due to ferromagnetism, is already 
apparent at 30 at. % nickel and becomes greatly magnified with increasing 
nickel content. 

The apparent activation energies (kcal./mole) and frequency factors (mole¬ 
cules sec.-i cm.-») are respectively for pure copper 10*3, i*o x lo*® ; 90 at. % 
copper, 10*9, 2*1 x 10*®; 80 at. % copper, ii*o, 2*4 x io»®; 70 at. % 

copper, 23-7, 1-3 x io»i. 

Formic Acid and Methanol Decomposition. —Included in Fig. 2 are the 
specific activities of the foils in the decomposition of the vapours at 253® C. 
Each point on the formic acid curve is the mean of six determinations on the 
same foil with intermediate treatment in the hydrogen discharge and the 
probable error is shown. The activation energy of formic acid decomposition 
(250® C-300® C) varies from 30 kcal./mole over pure nickel to 36 kcal./mole 
over pure copper but although our variation is of the same kind as found by 
Hienficker * in a static system, our values are approximately twice as great 
suggesting poisoning of our foils. 
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Discussion 

Since there are no phase changes or magnetic transitions at room 
temperature in the face-centred nickel-iron alloys covering the range 
3oNi + 7oFe to pure nickel, Fig. i shows quite clearly, in accord with 
expectation, the general parallelism between the rate of hydrogenation of 
styrene and the variation of electron-level density g(£). Together with 
the earlier results in the nickel-copper series, it yields the complete 
activity pattern as the Fermi surface approaches and passes under the 
peak of g{E) in the overlapping 3^- and 4S-bands and emerges into the 
45-band. In the nickel-iron alloys a rising g{E) accompanies an almost 
linear decrease in the number of dJ-band holes but in the nickel-copper 
alloys g(E) remains almost constant, until the holes are quite full at the 
critical composition (o*6i atomic fraction of copper) and then decreases 
rapidly. The rise in activity between the alloy 75Ni -f 25Fe and pure 
nickel must therefore be attributed to the great increase in g(E), whereas 
the decline between pure nickel and the alloy 4oNi -{- 6oCu is due both 
to the disappearance of 3ii[-band holes and to the fall of g(E). The order- 
disorder changes which are only sluggish at 500® C around the composition 
NigFe do not appear to afEect the activity since the activity curve possesses 
no S5rmmetry with respect to this composition. 

Fig. 2 shows that the decomposition rates of formic acid and methanol 
vapours over Ni—Cu alloys decrease as the sd-hand holes fill up and the 
trend is quite similar to that for styrene hydrogenation. On the other 
hand, the rate of hydrogen peroxide decomposition falls off as the sd- 
band begins to empty, as is to be expected for a process controlled by the 
rate of transfer of an electron from the metal to the substrate. 

The correlation between the electron characteristics of metals and 
their catalytic properties depends inevitably on the physical data avail¬ 
able. Especially important to the topics of this paper are the values of 
$, g(E) and 6r, whose variations across the two alloy series are known in 
form but not in detail.Simple band-theory, using early values for 
the saturation magnetization of the ferromagnetic alloys, gave a clear- 
cut picture of the ^f-band holes in the nickel-copper solid solutions and 
although recent studies of associated phenomena are not always in exact 
accord with this model, the divergences are not sufi&cient to invalidate 
our conclusion. Again, it is possible that the number and properties of 
if-band holes differ in the bulk and the surface but if so the effect is not 
suf&cient to disturb significantly the relationship with bulk properties. 

Beeck and co-workers, in a purely geometric interpretation of ethylene 
hydrogenation by pure metals, correlate activity with crystal parameter 
(closest spacing in the plane of least packing density) and find 3*75 A to 
be its optimum value. For the face-centred cubic alloys of nickel here 
examined, this suggests an increase in activity as iron and copper are 
alloyed with nickel in direct contradiction of the results given. Many re¬ 
actions,^* • not only multiple-bond saturation, appear to depend on 
the presence of i?-band holes in approximately the same way and the 
pattern, viewed broadly, is independent of any particular interatomic 
distance in the substrates. 

The effect of intramolecular environment on the rate of a catalyzed 
reaction at an unsaturated group is illustrated by the styrene hydrogen¬ 
ation. Under mild conditions the reaction proceeds only as far as ethyl¬ 
benzene ; more severe treatment is required to produce ethylcyclohexane, 
yet each step in the reaction is favoured thermod5mamically and exhibits 

Mott and Jones, Properties of Metals and Alloys (Oxford Univ. Press, 
1936), ist ed., chap. 6. 

Stoner, Reports Prog. Physics, 1946-47, ii, 43. 

Beeck, Rev. Mod. Physics, 1945, 17, 61. 

Tammann, Z. anorg. Chem., 1920, iii, 90. 
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the same dependence of rate on the holes in the e^-bands (ethylbenzene 
can hardly differ from benzene ® in this respect). From the geometric 
standpoint the resistance of the aromatic ring to hydrogen addition might 
be associated with differing multiple-bond lengths; electronically the 
resonance energy could be the significant factor. In truth only the sum¬ 
mation of such influences can represent the facts. 

Although the results on hydrogen peroxide decomposition are in har¬ 
mony with the Haber-Weiss mechanism, it is necessary to consider 
an alternative formulation of Bray and CJoiin for the initiation of the 
ferrous ion catalysis, i.e. 

Fe®^ -f- HaOa — FeO®+ -j- HjO. 

Adapted to alloy catalysts this becomes 

metal + HjOa (metal, O) HaO, 

where the S5mibols in parentheses denote a chemisorbed complex. Cer¬ 
tainly thin oxide films must be formed on the alloys during reaction and 
both theory and the work by Pilling and Bedworth,*® on the high-tem¬ 
perature oxidation of nickel-copper alloys, suggest that the uptake of 
oxygen should be most rapid for the copper-rich alloys. However, on 
completion of the oxide film, the short-range forces of the covalent 
bonds in the ferroxyl analogue will depend only on the oxide layer, not 
on the base metal, and the apparent dependence on the electron structure 
of the alloy must be accounted for. None of the recorded phase bound¬ 
aries in the nickel oxide-cupric oxide system can account for the 
changes in activity, moreover Hickman ** has found by electron diffraction 
that the low temperature oxidation of nickel copper-alloys produces only 
cuprous oxide and cupric oxide in the oxide layer over a wide range of 
alloy composition. Thus the use of the Bray and Gorin mechanism for 
the alloy catalysis requires one or more postulates: (a) the oxide film is 
not complete, (6) there is a change in the structure or composition of the 
oxide film as the 3i-band begins to empty, {c) the electron levels in the 
oxide film undergo some systematic change parallel to that occurring in 
the metal; none of these appears to be true. The electron-transfer 
process of the Haber-Weiss mechanism is not likely to be greatly affected 
by a thin oxide film. 

Formic acid decomposition might be formulated in several ways since 
its behaviour over the alloy series suggests electron donation to the 
metal (cf. Schwab),*® 

HCOOH — HCOOH+ e, 

followed by 

HCOOH+ CO,+ -h H* and COj+ + e CO,, 
or reaction with a positive ion, e.g. 

HCOOH 4. H+ H, -f- HCOO+ and HCOO+ - CO, + H+, 
together with its free radical counterpart. 

Imperial Chemical Industries Limited, 

Billingham Division, 

Billingham, 

Co, Durham, 

^ Bray and Gorin, J. Amer. Chem. Soc., 1932, 54, 2124. 

*• Pilling and Bedwoith, Ind, Eng. Chem., 1925, 17, 372. 

** Rigamonti, A.C.S. Ahstr., i 947 t 4 ** 7192; unpubli^ed work from this 
laboratory. 

** Hickman, Metals Tech., 1948, 15. (Tech. Publ. 2483), 

“ Schwab, Trans, Farcday Soc., 1946, 42, 689. 

*• Peschard, Compt, rend., 1925, 1836. 
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GENERAL DISCUSSION 

Dr. D. D. Eley {Bristol) [partly communicated) : Firstly, I shall give 
new evidence in favour of my assumed mechanism. Dr. Couper and 
Mr. Hulatt in my laboratory have carefully examined the effect of pressure 
on the first-order constant of parahydrogen conversion on wires of 
W, Pd-Au and Pt. All these data satisfactorily fit the equation 

i/i^, ^A^^Bp 

meaning that the adsorbed reactants are obeying the Langmuir isotherm, 
which on the simplest view means that they are being adsorbed on a uni¬ 
form surface. The results fit over the whole range of surface fractions 
covered o to i. The effect of temperature on the constants A and B 
for Pt leads to a value of 2300 cal. for the heat of adsorption uniform 
from 9 = o to i. This is rather larger than the value of 1000 cal. cal¬ 
culated by Lennard-Jones in 1932 for the van der Waals' adsorption of 
Ha on Cu. But it does suggest a second layer held by predominantly 
dispersion forces on top of the primary layer held by predominantly 
exchange forces.^ It is indeed difficult to see how the Trapnell-Rideal 
mechanism can give a Langmuir isotherm for the hydrogen atoms over 
the whole range of surface covered with apparent heat of 2300 cal., yet 
this is what would be required by the above results. 

The interchange mechanism was based on the observations that on 
W ^ and Ni * the conversion had a rate closely similar to the rate of atomic 
exchange between gaseous Dj and pre-adsorbed hydrogen. 

Da + H—M M—-D -f HD. 

Again it was found * that a considerable part of the chemisorbed oxygen 
film on W may be removed, corresponding to a fall in the negative value 
of the contact potential from 1*76 to 1*22 V, before any parahydrogen 
conversion sets in. Both these results are easily reconciled with these 
interchange mechanism but not, I think, with that advanced by TrapneU 
and Rideal. I might also refer to the result that on a surface partially 
poisoned by oxygen the rate of conversion is reduced in proportion ap¬ 
proximately as the amount of chemisorbed exchangeable hydrogen. 

For these reasons the interchange mechanism is still in my view the 
probable mechanism for the parahydrogen conversion for cases such as 
W at low temperatures. An alternative explanation of the loosely ad¬ 
sorbed hydrogen is that it is held in a second layer, but the published 
details of the experimental methods and results are insufficient to make 
a discussion worthwhile at present. If we assume that the surface orbitals 
are the ordinary metallic orbitals one can at least see the possibility of a 
small amount of exchange interaction between the metal and a second 
adsorbed layer, w-hich might account for the extra few kcal. of energy 
beyond that expected for strictly dispersion forces. 

Dr. B. M. W. TrapneU {Royal Institution, London) {communicated) : 
Dr. Eley has unfortunately only provided us with quantitative heat data 
for platinum, and it is possible that hydrogen chemisorption by platinum 
is so strong even at high coverages that it is effectively irreversible, in 
which case the interchange mechanism would be the more important. 

With tungsten, the ex^rimental result indicating the impossibility 
of the interchange mechanism is that the reaction order is between o-i 
and 0*5 at —100® C and i mm. If this is to be interpreted in terms of 
varying coverages in a van der Waals' adsorbed layer, use of the Langmuir 
isotherm shows that the fraction covered must lie between 0-45 (order 
0*5) and 0*8 (order I'o). Now for an adsorbed layer of a small molecule 

^ Trans. Faraday Soc., 1929, 25, 447, 

* Eley, Proc. Roy. Soc. A, 1941, 178, 452- 

* A. and L. Farkas, J. Amer. Chem. Soc., 1942, 64, 1594. 

* Eley and Rideal, Proc. Roy. Soc. A, 1941. 178, 429, 
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to be so densely packed under these conditions the heat would have to 
be some 7000 cal. My results show, however, that at this heat, the 
adsorbed amount corresponds to considerably less than i atom per site, 
so that there is no second layer present at all, let alone a concentrated 
one. Even at 2900 cal. heat, the adsorption cannot exceed one atom 
per site by more than a few per cent. We must conclude that the fractional 
order or reaction is not explicable by the interchange mechanism : it is, 
of course, readily explicable by the older mechanism. 

Eley’s other objections are less easy to understand. Provided the 
heats of chemisorption of Ha and Dg are not very different, the older 
mechanism would predict near equality of conversion and exchange rates, 
as the expression 


R = 


- g) 

I +€ 


would be nearly the same in the two cases. And as regards the experi¬ 
ments on oxygenated wires, we cannot, I think, discuss these until we know 
whether the oxygen was mobile under the conditions of evaporation, the 
heat of chemisorption of hydrogen into a partial oxygen layer and so on. 

Sir Charles Goodeve (BJ,S.R,A,, London) [contributed) : A useful 
approach to this problem of chemisorption and surface reaction lies through 
a consideration of metallic solutions. Hydrogen and nitrogen, in par¬ 
ticular, are soluble to some extent in most metals and exist in solution 
as single atoms (or ions) lying interstitially in the metallic lattice. In¬ 
deed, in some metals the concentration of the non-metallic element can 
be increased up to a point or points, where phase changes or shifts in the 
lattice dimensions or a slight rearrangement take place. These new phases 
are commonly called hydrides or nitrides, despite the fact that the re¬ 
sulting phases are essentially metallic ; e.g. they have metallic electrical 
conduction. The high heats of solution (of the atom) signify chemical 
bonding, but the high diffusion coefficients of these atoms compared with 
those of other atoms in the solid metallic lattice, show that this bonding 
energy is related to the solid state, rather than to a position, or to a phase. 
The whole range of compositions can be looked upon as states of solid 
solution. 

I know of no evidence so far, that the state of chemisorption of these 
elements on a surface differs in any way from that of solution except 
in so far as the different co-ordination number of an atom just at the 
surface may lead to a lower, or a higher energy level. In other words, 
if one breaks a metallic crystal containing hydrogen or nitrogen in solution, 
the atoms of these elements so disclosed on the new surfaces will be in the 
same state as atoms produced by chemisorption, except that their surface 
concentration may be greater or less. 

Such a picture gives strong support for Beeck*s reminder * that more 
attention should be paid to penetration from the chemisorbed state into 
the substrate. Trapnell’s contention ® that this can be ignored in the para- 
hydrogen conversion on tungsten should be supported by quantitative 
data on the solubility and/or the diffusion coefficient of hydrogen in 
tungsten showing that these are very low at the particular temperatures 
used. 

Another consequence of this approach is the conclusion that the 
lateral mobility of chemisorbed atoms must be as great as, and probably 
many times greater than, the diffusion rate of these in solution in the metal. 

Finally, experimental studies of surface reactions based on this ap¬ 
proach can lead to a much more rigorous comparison with theory. In 
the simplest of heterogeneous catal3rtic reactions one has at least three 
processes in series, the adso^tion, the surface reaction and the desorption, 
with the resulting latitude in fitting in a particular theory. If, however. 


This Discussion. 
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one chooses conditions where the reservoir of the reactants is in solution 
and the rate of diffusion is known to be high enough to maintain the 
surface concentration at a fixed level, then a very much simplified 
situation results. 

Such experiments have been done * with a solution of nitrogen in iron 
(f-iron nitride) which when placed in a vacuum (or in an atmosphere of 
nitrogen) at 350 to 500® C gives up its gas at an easily measurable and 
reproducible rate. The reaction is iound to be biniolecular with respect 
to N concentration in the solution and to have a constant energy of activ¬ 
ation of 42 kcal. There is ample evidence to prove that diffusion to the 
surface is much faster than the over-all liberation of gas. 

From a knowledge of the behaviour of N atoms in the crystal we know 
that there is a repulsion between the atoms and that this rises rapidly 
when two approach to a distance less than 5 A. In order for a physically 
adsorbed N2 molecule to be formed the N—distance has to come nearly 
do^vn to I A and the Fe—N distance of 1-94 A must be nearly doubled. 
It is, therefore, consistent with our general knowledge of energy-spatial 
relationships to associate the 42 kca^, with the peak of a barrier between 
the chemical and physical adsorbed states which will lie somewhere near 
a N—N distance of 1*5 A. 

What is much more important is that, on the assumption that the 
heat treatment of the particles used gave smooth surfaces and that the 
nitrogen atom concentration on the surface is the same as in the bulk, 
a calculation of the expected surface reaction velocity agrees well (within 
a factor of two) with the observed velocity. 

Such agieement in experiments of this t37pe is probably foituitous, 
particularly as the theory ignores the efiect of surface contamination, 
say, of oxide. The agreement does, however, suggest that experiments 
should be done on other systems using metals with hydrogen or nitrogen 
where similar simple conditions may lead to further tests of theory. It 
might even be possible to deduce an expected value of the energy of 
activation from force constants of the N—N and the Fe— N link. At all 
events, further experiments should show how far this approach can be 
usefully followed. 

Dr. B. M. W. Trapnell {Royal Institution, London) said : I should 
like to discuss two points in connection with my paper. The first is the 
suggestion by Dr. Beeck that the reversible uptakes of gas which we have 
observed are not chemisorption, as we have claimed, but are solution, 
which is known to proceed with a low heat. The suggestion implies that 
the conversion might proceed through evolution of dissolved gas rather 
than chemisorbed gas. Now we have investigated the solution of hydrogen 
in tungsten films, and have found that the dissolved amount is so small 
that the reversible uptakes of gas must almost entirely be chemisorption. 
Moreover, if we consider the rate of e\x5lution of gas from surface and bulk 
under specified conditions, clearly the rate of evaporation of chemisorbed 
hj’-drogen will be much larger than the rate of evolution of dissolved 
hydrogen as the solution process requires an appreciable energy of activ¬ 
ation wrhereas chemisorption is non-acti\’ated, and because the chemi¬ 
sorbed amount is some 20 times the dissoh^ed amount. The conversion 
therefore w^ill proceed almost entirely through the reversibility of chemi¬ 
sorption, as we have said. 

Secondlj”, it should be noted that the B values of Fig. i were derived 
assuming that when the heat of adsorption is zero, ^ = i. This now 
appears a rather artificial method of procedure, and in the detailed pub¬ 
lication of the -work, oxygen chemisorption w^ be used as the basis of 
determination. The new' method alters none of our conclusions. 

Dr. O. Beeck {Emeryville, California) said : "V^liile I am inclined to 

• Goodeve and Jack, Faraday Soc, Discussions .1948, 4, 82. 

’ Rideal and Trapnell, this Discussion. 
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agree that the probable mechanism of the para hydrogen conversion by 
tungsten surfaces proceeds through condensation and re-evaporation of 
chemisorbed gas, I believe that this process is still somewhat more com¬ 
plicated than the authors assume. 

It has now been conclusively shown ® that on many metal films, in¬ 
cluding tungsten, hydrogen will be dissolved to some degree in the metal 
structure, after the surface i.s covered with a monolayer, and that this 
solution is of the activated t^^e with a heat of sorption considerably 
low'er than the lowest heat of adsorption. This phenomenon will even 
take place at very low temperatures and is most likely responsible for the 
para-ortho hydrogen conversion or the hydrogen-deuterium exchange at 
low temperature. Solution of hydrogen can be sho^vn to be responsible 
for the easily reversible part of the hydrogen isotherm on nickel and can 
be shown to take place even if the surface is irreversibly covered with 
carbon monoxide. By subtracting the hydrogen isotherm on a carbon 
monoxide covered nickel surface from the isotherm obtained with hydrogen 
alone, the resultant true adsorption isotherm is completely flat over the 
pressure range from io“® to io“^ mm. While the mechanism for solution 
is not clear in detail as yet, it must be assumed to proceed through a second 
layer adsorption on that very small part ol the surface where the heats 
of adsorption are the lowest. Taking this view, the ideas of Rideal and 
Trapnell as well as those of Couper and Eley may in fact be very closely 
related. 

Dr. P. A. Wright (Bedminster Smelting Works, Bristol) [communicated ): 
A possible explanation of the difference in surface coverage achieved in 
the experiments of Roberts and of Rideal and Trapnell lies in the 8 % 
of sites left vacant after random covering of the surface by Hs molecules. 
If we imagine that these sites are filled by Hj molecules lying “ end on ”, 
we shall then achieve a surface coverage ot 108 '' % ; this latter addi¬ 
tion would be expected to yield a smaller heat of adsorption and conse¬ 
quently some degree of mobility. 

Dr- F. S. Stone [Bristol) [partly communicated) : With reference to 
Eucken's observations on the reaction of cyclohexene with adsorbed hydro¬ 
gen, it is of interest to quote details of a parallel case of the time-dependence 
of the adsorbed state of oxygen. Carbon dioxide can only be taken up 
on our copper oxide catalyst provided adsorbed oxygen is present with 
which it can form a CO 3 complex.® If oxygen has been pre-adsorbed, 
carbon dioxide will subsequently adsorb to give a ratio of 0*7 CO2/1 Oj 
on the adsorbent. If a i/i mixture of COg -1- Oa is admitted, the gases 
are taken up in a i/i ratio, and if a 2/1 mixture of COg -f O2 is admitted, 
the gases are taken up in a 1*5/1 ratio. With mixtures in which the CO a 
is in large excess, e.g. a 6/1 mixture, the uptake ratio is 2/1, indicating 
total capture of oxygen by COj. It therefore appears that quite a large 
fraction of the oxygen adsorbed loses its ability to react with COg in 
a very short time, since merely by increasing the ratio of CO2/O2 admitted 
the percentage of oxygen reacting increases sharply. A similar loss of 
yield is found in the reaction of CO with adsorbed oxygen. In neither 
case, however, does the total loss exceed 60 % even over long periods of 
time. This behaviour is analogous to that reported for oxygen on porous 
nickel films.^® In the present case the adsorbed oxygen is lost either by 
oxidation or by diffusion into the porous interior: indeed, the uptake 
of oxygen on cuprous oxide,® manganese oxide and nickel oxide,^® obeys 
a diffusion equation. 

Prof. W. E, Gamer [Bristol) said : The nature of the adsorption of 
hydrogen on nickel appears to vary with the method of preparation of 

® Beeck in Advances in Catalysis, Vol. II. 

® Gamer, Gray and Stone, this Discussion. 

Beeck, Smith and Wheeler, Proc. Roy. Soc. A, 1940, 177, 62. 

Sakai, Kurimura and Okura, quoted in ref. (i). 

” Roginsky and Tsellinskaya, /• Phys. Chem. U.S.S.R., 1947, 9 ^ 9 * 
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the nickel. Euchen finds that the heat ot adsorption on metal prepared 
from oxide is 6 kcal, at 100-200° K and is 17 kcal. above 300° K, whereas 
Beeck finds a heat of adsorption of 30 kcal. at —-183° K. A possible ex¬ 
planation of these discrepancies is that there are two types of atomic 
hydrogen films, one formed within the nickel lattice and the other outside. 
The formation of a hydrogen film within the lattice is supported by the 
negative surface potential of atomic hydrogen fiUms. 

It is suggested that the presence of foreign atoms of greater dimen¬ 
sions than the metal atoms, e.g. oxygen, in the surface of the nickel causes 
a compression of the atoms in the surface of the metal over considerable 
areas, thereby hindering the penetration of the surface by the hydrogen 
atoms. Thus in Euchen*s experiments at low temperature, the hydrogen 
film is on the outside of the lattice, and on raising the temperature, this 
passes into the surface. In Beeck's films, being relatively free from foreign 
atoms, there is no hindrance to the formation of the internal film even 
at liquid-air temperatures. 

Mr. A. E. J. Eggleton {Imperial College, London) {communicated) : 
Using an apparatus ^ * similar to that of Roberts, the accommodation co¬ 
efficient a of neon on iron has been determined. After flashing the 
ware (0*05 mm. diam.) to 1200° C in vacuo or in neon at a pressure of ca. 
o-i mm. Hg for periods up to i hr. a was 0*2 and there was no drift 
with time after the thermal disturbance due to flashing had died away 
(8 min.) as is the case with tungsten. (Clean metal wires, using 
Roberts" technique, have values of a of o*o6 ; when contaminated by 
adsorbed gas a is normally > 0*15.) Admission of hydrogen to a 
pressure of i X lo-® mm. had no eflect on the value of a (ct. clean W). 
Flashing the wure at lower temperatures gave higher values of a, up to 
0*29. Heating the ■wire in hydrogen before flashing had no eflect. In 
one experiment the wdre, after preliminary outgassing, was heated at 
1100° C for 45 min. in o*i mm. of hydrogen, left overnight at 700° C 
in vacuo, followed by 20 min. at 1200° C in 2 x lo"® mm. H* and a further 
30 min, in vacuo and finally 20 min. at 1200° C in neon which had been 
left standing over charcoal immersed in liquid nitrogen for i hr. (The 
hydrogen -was circulated past the "wire and through liquid nitrogen traps 
during the reduction.) After this treatment sufficient of the iron had 
evaporated to form a ■visible film on the walls of the tube surrounding 
the wire but a did not fall below 0*2 and again admission of hydrogen 
had no eflect. Heating the wire to higher temperatures or for longer 
periods -was not possible since the evaporation from the iron wire seriously 
alters the physical constants of the wire. 

In view oi these results compared with those of Roberts and my own 
results on tungsten it seems improbable that a clean iron surface can be 
prepared by reduction of iron oxide with hydrogen or by outgassing of 
iron powders at high temperatures in vacuo and that workers who have 
used this method for preparing iron surfaces for adsorption, are in fact 
dealing with a surface that is already contaminated. 

More recently a clean surface has been prepared by subjecting the iron 
wire to positive ion bombardment in a gas discharge.^* Treatment with 
positive neon ions (1000 V and i mA) reduced the value of a from 0*2 
to O'16. However, if the wire \vas first subjected to a discharge in nitrogen 
for 15 min. and then to a neon discharge for 2 min. the value of a was 
reduced to approximately 0*07. There was a small drift with time in¬ 
dicating slo\v contamination. Admission of a small amount of hydrogen 
caused a to rise to approximately 0*12. 

These results are of some interest in connection -with the remarks 
of Prof. Gamer. It seems most likely that failure to clean the iron wire 
by flashing treatment alone was due to the rapid diffusion of impurities 

Proc. Roy, Soc. A, 1930, 129, 146. 
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from the interior of the wire to the surface after the cleaning treatment. 
Now it is suggested that the treatment with positive nitrogen ions forms 
a barrier which prevents the diffusion of impurities from the interior. 
Subsequent treatment with neon ions removes the surface layer of nitrogen 
exposing a clean surface. The nitrogen may act simply by blocking the 
gaps between iron atoms, or, as suggested by Prof. Gamer, by com¬ 
pression of a layer of atoms in the lattice, in this case below the surface. 

Oatley found similar beha\'iour with platinum: the work function 
of a surface prepared by bombardment mth oxygen followed by argon 
was the same as that of a surface cleaned by flashing. Treatment with 
argon alone gave a value approaching that of a clean surface, but which 
rapidly altered, indicating contamination. 

In connection with Dr. Bremner's communication it may be noted 
that the bombardment treatment only raises the temperature of the wire 
to 400° C. The first values of a are obtained about 5 min. after the treat¬ 
ment has ended and there is a continual slow drift lasting 40 min. or more. 
It seems very unlikely that the low value of a and the slow drift can be 
due to thermal disturbance particularly since the same wire in a con¬ 
taminated condition had been flashed at 1200° C after which a was 0-2 
and there was no drift at all after thermal disturbance had died away 

8 min.). 

Mr. P. R. Rowland (Guy’s Hospital, London) said : ^Vhen discussing 
the positions of adsorbed atoms on a metal surface evidence taken from 
the adsorption of hydrogen is perhaps the most unfortunate to consider 
since on adsorption it is probable that the orbital electrons of hydrogen 
enter the metal leaving protons which imbed themselves in the electron 
gas of the metal. It is difficult to attribute a size to t uch particles which 
cannot themselves be regarded as simply substituting for metal atoms at 
adsorption sites in the Langmuir sense but may wander through the lattice 
with high mobility. Electronegative atoms on the other hand are more 
likely to attach themselves to the surface by bonds resembling those in 
solid salts, i.e, to surround themselves with as many metal atoms as 
possible by substitution of metal atoms at Langmuir sites. It is inter¬ 
esting to note that in the presence of electronegative atoms the most 
stable metal crystal faces are those on which every adsorption site is 
identical so that the adsorbed atoms all lie in one plane. This suggests 
that such adsorbed layers together with the metal surface atoms may be 
regarded as two-dimensional compounds or adsorption complexes. 

Mr. P. Zwietering (Geleen, Netherlands) [communicated) : The results 
of Dr. Maxted's measurements were invariably expressed as the activ¬ 
ity A of the catalyst depending on the amount of poison c added to the 
reaction mixture. The greater part of this amount c will be adsorbed 
on the catalyst; however, a small portion must remain in solution to 
build up the equihbrium concentration corresponding with the amount 
adsorbed on the catalyst. 

Therefore we may write : 

c = (X.6 pp, . . . . • (i) 

where d = fraction of surface covered with poison, and p = equilibrium 
cone, in the solution. 

The relation between p and d can simply be expressed by the equation 
of Langmuir : 



so that 


c = ctB + 


IlL 

1-0 


(la) 


“ Proc, Phys. Soc,, 1939, 51, 318. 

” Trans. Faraday Soc., 1945, 41, 406, 
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From this it follo\vs : 

oil - 6) 
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= (a + py) y.d 
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( 2 ) 


Assuming that the acti\ity A of the catalyst is proportional to the 
fraction of the surface not covered by poison we may write 

AIAq = 1 — d, or e 1 — AIAq. 

From (2) it follows then 

= (“ + - “(I - ^/^o). ■ . (3) 

Consequently there must exist a linear relationship between 

~ ^ 

In Fig. I and 2 the experimental figures, obtained from the published 
curves, have been plotted according to eqn. (3). Obviously the experi¬ 
mental data are ver>- well described by this equation. The de\uations at 
high values of A/A q must be 
attributed to the limited ac¬ 
curacy \vith which the experi¬ 
mental data can be obtained 
from the published curves. 

It follows from the theory 
that the slope a of the 
straight lines must be deter¬ 
mined bj’* the total area of 
catal3i:ic surface, so that for 
the series I to IV a propor- 
tionalit^’’ may be expected 
between a and the amount of 
catalyst used, whereas for the 
series V and VI, a must be 
proportional to the surface 
area. 

Finally also Aq must be 
determined b)' the area of the 
catalytic surface, so that a 
must also be proportional to 
Aq, In Fig. 3, 4 and 5 the 
values for a derived from the 
linear plots have been plotted 
against the above-mentioned 
quantities. The result does 
not entirely come up to ex¬ 
pectations. Instead of the 

expected straight lines through the origin, linear plots are found which 
intersect the ordinate at a constant negative value of a©. Probably this 
negative value of ao can be explained if the adsorption of the reactants 
and/or the reaction products is also taken into account. 

In this case eqn. (la) must be replaced bj’' 

c = atf + ^y — 

where 6 g = fraction of surface covered with poison and $r = fraction of 
surface covered with reactants and/or reaction products. From this it 
follows : 

= (a - + pv) + (« - 
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or 


cAIAq 
I -A/Ao 


(a — ccdr -|- 





cd 

where is a correction term for the slope which in a first approximation 
may be considered as a constant. 




Prof. G.-M. Schwab {Athens) (communicated) : We made some years 
ago a series of measurements of the action of poisons on platinum 
catalysts, using the hydrogenation ot cinnamic acid, poisoned by ethyl 
mercaptan. We found that on progressive poisoning (within the steep 

Schwab and Photiades, Ber,, 1944, 77, 296. 
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quasi-linear branch of Dr. Maxted^s curves) the activation energy increases 
considerably. From this we concluded that there was an energy dis¬ 
tribution between active centres and were able to deduce from this dis¬ 
tribution a surface equilibrium temperature coinciding in fact \vith the 
temperature of preparation of the catalyst. In view of these and ]VIaxted's 
present results it is interesting to observe that a poison eliminates the 
most active centres first, whereas sintering decreases their extern in the 
same proportion as it does the total surface. A possible explanation 
would be that, during preparation, a certain crystal habitus is established, 
wherein the ratio of different faces in the surface depended on the method 
of preparation (and temperature), and that durmg sintering this habitus 
is preserved, perhaps simply by the elimination of the smallest crystals 
without a change in shape of the larger ones. 

Prof. E. Wicke [Gottingen) said ; With our calorimetric values of the 
adsorption heat of Hj on reduced Ni powder, i.e. Q( 0 ) == 21*2 — i 8 -o 
kcal./mole Hq (0 = covered surface fraction rangmg from o to 0'5) one 
may calculate adsorption equilibrium data for atomic adsorption using 
the well-known formula (based on Langmuir’s theory) : 


pi + exp [i/2J?{— Q(ff)/T + AS)}’ 

where AS is the entropy difference of gaseous (molecular) and adsorbed 
(atomic) hydrogen, the latter being nearly negligible. These calculations 
are in complete agreement mth measured isotherms, isosteres and isobars 
in a temperature range 50-250° C where adsorption equilibrium is estab¬ 
lished. Hence there is no sign of solution. 

If one adsorbs C3H4 and Hg together on a Ni surface (reduced Ni powder) 
around 0° C and at such a low concentration (0 <0*2) that the pressure 
in the gas phase is negligibly small (p < lo"* mm. Hg), then no hydro¬ 
genation occurs at all. If one pre-adsorbs C2H4 and immediately lets Ha 
impinge on the surface from the gas phase, hydrogenation, though in¬ 
complete, takes place, decreasing in velocity and completeness with in¬ 
creasing time betw^een pre-adsorption of C2H4 and inlet of Ha; this poison¬ 
ing, as is well known, is caused by the polymerization of CaH*. If finally 
Ha is pre-adsorbed, and C2H4 introduced from the gas phase, the hydro¬ 
genation is fast and nearly complete. But again the reaction proceeds 
more slo%vly, with increasing time after the pre-adsorption of Ha. This 
sort of poisoning, not previously reported, is caused by the H atom ** dis¬ 
sipation ” along the Ni surface rendering the distance from one another 
too large for fast hydrogenation at lower temperatures. This effect is 
especially marked with pre-adsorption around 100° C (where there is 
rapid dissipation ” of H atoms), followed by CgHi at about 0° C. I do 
not see how these results can be understood in terms of the mechanisms 
of CaH4 hydrogenation hitherto proposed, but they confirm conclusively 
the idea of the catalytically active atom-pair state. 

Dr. D. D. Eley [Bristol) [communicated) : I should like to congratulate 
Dr. Beeck on the numerous stimulating contributions he has made to 
ethylene hydrogenation and to catalysis as a whole. It may be worth¬ 
while at this time to mention one or two points of detail. I am very glad 
to see that Dr. Beeck now" believes the reaction is one between adsorbed 
ethylene and adsorbed hydrogen on the surface left bare from acetylenic 
complexes, as I do not believe it is possible to reconcile the reaction be¬ 
tween gaseous ethylene and adsorbed hydrogen with the usually observ’-ed 
kinetics (zero order in ethylene, first in h5^drogen). Since he wishes to 
retain his old mechanism for tungsten, I think it will be of great interest 
to check on the kinetics in this case. I doubt, however, that there can 
be any hydrogen chemisorbed in the ethylene film on tungsten, as the 
para-hydrogen conversion is completely poisoned up to relatively high 
temperatures.®® 

®® Eley and Rideal, Proc, Roy. Soc, A, 1941, 178, 429. 
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I wonder whether it is worth pursuing the idea that percentage d- 
character determines interatomic spacing, and thus correlating percentage 
^?-character -with catalyst activity (Boudart) or heat of chemisorption 
(Bceck). The strength of the chemisorption bond is determined not only 
by the extent of orbital overlap (therefore % ^^-character), but also by 
the number of metallic electrons involved, and other factors. To a 
first approximation, all these are allowed lor in my calculation by the 
way the sublimation energy is used as a measure of the strength of the 
metallic bond. The orders are : 


yHa Rh < Ni < Fe < Ta < W, Cr 

Obs. Heat 

\C2H4 Rh < Ni < Fe < W, Cr < Ta 
%d Cr, Ta < Fe < Ni < W < Rh 

Heat Calc. (Eley) Cr < Fe, Ni < Rh < Ta < W. 

My calculations put Cr at the wrong end and Rh too high. The 
% d series, if it were completely reversed and W placed at the top, would 
exactly fit the experiment. This is what Dr. Beeck hats done. It seems 
to me Beeck believes that the surface bond is different from the metallic 
bond and can only use the d orbitals left over from the metallic bond, i.e. 
the higher the %d m. the metal-metal bond, the weaker the metal-gas 
bond. To reconcile the position of W in the series, Beeck notes an un¬ 
published result that in evaporated films, its lattice parameter is different 
from the wire state, i.e. face-centred cubic with a greater distance which 
leads to a lower % d character. If this is so, I find it most difficult to 
understand why both W \vires (Roberts) and W films (Beeck) should have 
the same heat of chemisorption for hydrogen. In my view it is incorrect 
to distinguish the surface orbitals M—H from the “ under-surface ” 
orbitals M—^M. 

Dr. J. J. A. Blekkingh {Rotterdam) {communicated) : A nickel hydro¬ 
genation catalyst in contact with hydrogen has the property of transmitting 
molecular hydrogen to double bonds in normal hydrogenation reactions and 
also of changing molecular hydrogen into atomic hydrogen. Adsorbed 
molecular hydrogen can be physically replaced by other substances ; this is 
not so with absorbed atomic hydrogen. The amount of atomic hydrogen 
in a nickel catalyst can be in proportion of i atom H to about 3 atoms of 
nickel. 

It is because of the presence of atomic H that there is—amongst other 
things—a shifting of the double bonds in unsaturated fatty acid derivatives, 
a side-reaction (isomerization) occurring in addition to the normal hydro¬ 
genation. This side-reaction takes place already at room temperature. 
The isomerization wfith atomic H in the nickel catalyst can be represented 
diagrammaticaUy by the following steps: 

(i) A partial hydrogenation, in which i atom H is added to i CH 
group of a double bond. A radical with a free valency is formed. There 
are two possible radicals. 

(ii) A partial dehydrogenation, in which i atom H is given to the nickel. 
A double bond is formed again. There are three possibilities for the posi¬ 
tion of the double bond. 


—CHa~CH=CH—CHj— 

\ . 

—CH,—CH^H,—CH,— _CH,—CH,—CH—CH,— 

-CH=CH—CI^^H,— '^H,—CH=CH—CH,^ CH^Hr-CH=CH— 


In this way we have found that a double bond can shift along the whole 
chain rather quickly. 

Pauling, Proc. Roy, Soc. A, 1949, 196, 343. 
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It may be that the second step is not a partial dehydrogenation, but 
again a partial hydrogenation. In this case we may speak ot atomic 
hydrogenation, with addition of H + H in the trans position to the double 
bond (addition to both sides of the plane of the double bond). 

The ordinary hydrogenation may be called molecular hydrogenation, 
\\uth addition of Hg = 2H in the cis position to the double bond (addition 
to one side of the plane of the double bond). 

In practice, we suppose, isomerization with atomic hydrogenation 
(including i : 4 addition to conjugated double bonds) and molecular hydro¬ 
genation take place more or less together, and this may be the reason for 
difierent hydrogenation velocities with different nickel catalysts, or with 
oriented and unoriented nickel films. Selectivity of fatty oil hydrogenation 
may be favoured by the formation of conjugated double bonds in linoleic 
and linolenic, and successive atomic hydrogenation to isolated double bonds. 
In our opinion atomic H ^vill not be able to poison the nickel hydro¬ 
genation catal^'st, at least not above room temperature. 

Mr. P. F. Tiley [Bristol) said: The results of Beeck and Ritchie on 
the use of kry'pton, butane and other g ses in the B.E.T. surface area 
measurements cf metal films cannot escape comment in view of the resuhs 
which have been obtained \\'ith these gases on adsorbents in other physical 
forms. For example, I would refer to the work of Davis, De Witt and 
Emmett who found from B.E.T. studies Avith laypton and butane on 
silver foil and monel ribbon that the areas determined were only 80-90 % 
of the geometric areas. In the same work the authors found that, on 
adsorbents such as glass spheres, zinc oxide, tungsten powder and silica 
gel, the surface areas as measured by krypton and butane adsorption 
were less than the nitrogen values by some 30-40 %. Beebe, Beckwith 
and Honig^ observed a similar phenomenon on comparing krypton and 
nitrogen adsorptions on anastase. In all the results quoted, the values 
for the cross-sectional areas of the adsorbate molecules were those cal¬ 
culated by the usual formula, viz : N2, 16*2 ; Kr, lyz ; C4H10, 29*7 A® 
(Dr. Beeck uses Kr, 14*5 ; C4H10, 34-5). 

The results of Emmett and Beebe cannot be interpreted in terms of 
pore size nor is chemisoption of nitrogen likely on these adsorbents. 
The problem which faces us (discussed fully by Emmett and Livingston ®') 
is that, ha\dng determined the number of adsorbate molecules in the 
monolayer by the B.E.T. isotherm, it is still necessary to employ a suit¬ 
able \’alue for the cross-sectional area in order to calculate the absolute 
surface area. The value of 16 (± 0*5) A® for Ng has been generally ac¬ 
cepted in view of confirmation by other methods of surface area deter¬ 
mination. Emmett suggested that the empirical values of approx. 21 
and 44 A® for Kr and C4H10 produce more satisfactory^ results, but as y^et 
no fundamental explanation of these discrepancies has been established. 

The surface area measurements of Dr. Beeck are extremely interesting 
as they are among the first to have been made on evaporated metal film s 
and may throw some light on this problem. However, until this problem 
is satisfactorily^ elucidated it is felt that the determination of absolute 
surface area by^ B.E.T. methods must still involve uncertainties of the 
order of 20-30 %, particularly if gases other than nitrogen are used. 

Dr. F. G. Tompkins [Imperial College, London) [communicated) : I 
think that Mr. Tiley’ expects too much of B.E.T. surface area determin¬ 
ations. Accepting all the postulates of the B.E.T. model there is no reason 
why’’ w’e should introduce the cross-sectional area of the adsorbate mole¬ 
cule—^it is the lattice parameter, or the area of the crystallographic site, 
which is important. When the adsorbate molecule is larger than the 
site, one has to make decisions based on energy’ considerations as to what 

Davis, de Witt and Emmett, J. Physic. Ckem., 1947, 5*» 1232. 

Beebe, Beckwdth and Honig, /. Amer. Chem. Soc., 1945, 67, 1554. 

Livingston, J. Colloid Sci., 1949, 4, 447. 

G* 
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is the stable packing in the layer—^if it does happen to be hexagonal 
close-packing it is then and only then legitimate to use the cross-sectional 
area of the molecule. Normally up to 70 to 80 % ist layer coverage, 
it is a good approximation at low temperatures to assume localized ad¬ 
sorption—^when there are attractive lateral interactions there can be, 
and often is, a transition to hexagonal packing ; but where there are 
repulsive interactions the localized array is approximately retained. 
Furthermore, analysis shows that the B.E.T. eqn. merely corrects the 
Langmuir eqn. for 2nd higher layer adsorption by the term (p, —p)lpa* 
Consequently where the B.E.T. c term is high we are virtually using only 
the ist layer adsorption on a uniform surface fo^ the evaluation of 
and the above considerations are important. 

Finally, the evaluation of bj’’ the B.E.T. eqn. carries with it the 
assumption of the equality of the internal partition functions of the adsorbed 
molecules in the ist and 2nd layer—^provided the same gas is used for 
different adsorbents and the heats of adsorption are approximately the 
same no trouble arises in comparing areas. With different gases on the 
same adsorbent, the ratio of such partition functions though of the order 
of unity will be somewhat different and, particularly where c is not large, 
different values can be expected. It seems therefore profitless to con¬ 
cern oneself with the precise values to be taken for the cross-sectional 
area of molecules in the adsorbed state. The trouble is more acute when 
a non-uniform surface is considered—^the transition from 1st to 2nd 
layer adsorption is then less abrupt and all the uncertainties and inac¬ 
curacies associated mth low c values on uniform surfaces are again present. 

Mr. P. F. Tilcy (Bristol) (communicated) : In the last few years, both 
theory and experiment have demonstrated the shortcomings of the 
B.E.T. model, particularly with regard to heats of adsorption. How¬ 
ever, the value of the standard B.E.T. technique, in providing a reason¬ 
able estimate of surface area, has not been disproved. In so far as an 
assessment is possible, the errors (using Ng as adsorbate) are not as great 
as would be expected from Dr. Tompkins* contentions concerning the 
invalidity of the B.E.T. isotherm for non-localized adsorption and the 
irrevelance of the dimensions of the Ng molecule in localized adsorption. 
With krypton, w^hich may be used for low surface areas, consistently 
good agreement with the Ng values is obtained, using the corrected '* 
value for or^r 20 A®. Whether the reason for this “ correction ” lies 
in the method of evaluation of or in the packing of the adsorbate 
molecules is, I suggest, a matter for conjecture. It is felt that, whilst 
Beeck and Ritchie have drawn rather bold conclusions from their experi¬ 
mental results, yet the logical outcome of Dr. Tompkins* arguments is 
to underrate the empirical value of the B.E.T. method. 

In connection with these low pressure B.E.T. studies at liquid air 
temperatures, few w’^orkers seemed to have mentioned the question of 
thermo-molecular flow. From the experimental details given, it is diffi¬ 
cult in some cases to discover if there is justification for thus ignoring this 
effect. Mr. Porter in Section IV of this Discussion gives an excellent 
quantitative treatment of this phenomenon. 

Dr. F. C. Tompkins (Imperial College, London) (communicated) : It 
is my contention that the B.E.T. method cannot be expected to give 
results of absolute surface area determinations to better than 10-20 %. 
I know of no experimental data of measurements obtained by methods 
not involving adsorption where the agreement with the B.E.T. method 
is of higher concordance. Nor can I be convinced by the fact that Ng 
and Kr (using an arbitrary value of cr^x) give consistent values ; Og and A 
for example often give quite different v^ues than does Ng. My criticism 
was concerned with the excessively high accuracy implied by giving values 
of OK, as 16*2 A (or 16 ± 0-5 A*) ; it would be more consistent if this were 
written as 16 ± 2 A. 
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Prof. A. R. Ubbelohde [Belfast) said : The terminology of the electron 
band theory of metals has not been adapted in any quantitative way to 
catalysis, and there is a risk that rather vague concepts may hinder real 
progress in interpreting catalytic phenomena. 

Starting wuth the Pauling theory as an alternative to the electron 
band theory of metallic binding, it is possible to formulate a more con¬ 
crete model for the binding of atoms such as H, O, N to the metal atoms 
AI of the catalyst. This '' pseudometallic bondingmodel postulates 
that a group of atoms such as (M—^H„) behaves as regards external elec¬ 
tronic l^haviour like the atom n places to the right in the periodic system. 
For example, the grouping Pd—H behaves electronically like Ag, and 
111 particular forms metallic bonds to neighbouring atoms similar to those 
which w'ould be formed by Ag. 

There is considerable experimental foundation for the pseudometallic 
bonding of groups (M—^H„). For example, when hydrogen is dissolved 
in alloys Pd—Ag, in certain ranges of composition the electrical resistance 
is actually lowered, as would be expected of the " pseudosilver group " 
(Pd H), compared \rith Pd, when alloyed with Ag. Again, the wetting of 
metals by mercury, which almost certainly involves the formation of 
metallic bonds between Hg and the surface atoms of the metal, is changed 
by dissolution of h\^drogen in the sense to be expected from the pseudo- 
metallic model. Thus whereas Hg wets Pd only slowly, it wets Ag with 
a\ idity and recent experiments have shoivn that it likewise amalgamates 
with great avidity ^^ith Pd Ho.e, forming “palladium hydride amalgams. 
Mercury also wets iron after the surface has been cathodically charged 
with hydrogen. 

This concept of the paeudometallic bonding of hydrides can explain 
a number of features of hydrogenation catalysis, such as the poisoning 
by mercury. It leaves the possibility open that on isolated peaks on the 
catatyst hydrogen might be bonded by an ordinary covalent bond, less 
stable than the pseudometallic mode of binding in which (M—^H„) is 
alloyed wnth the neighbouring atoms. 

Properties of ions such as and suggest that the grouping 

M —0„ should also be able to act as a pseudometallic unit similar to the 
metal zn places to the right in the periodic system. And the concept 
can be extended in obxious ways, w'hen experimental e\ddence suggests 
that such extension is fruitful. 

Mr. A. S. Porter and Dr. F. G. Tompkins [Imperial College, London) 
[communicated) : The admission of mercury vapour at o® C to an evapor¬ 
ated iron film covered vdth hydrogen has been found to cause rapid de¬ 
sorption of most of the h3"drogen, io owed by a further slow desorption. 
After I to 2 hr., desorption w’us complete (within i % of the amount of 
gas originally put on the film). On admission of Hg again, no further 
adsorption of hydrogen could be detected on this film, even at — i95®C 
and io“2 cm. Hg. Similarly, a film prepared in the presence of mercury 
vapour was found to t..ke up less than 1/2000 of the normal amount of 
hydrogen. It is clear, from these observations, that any Fe—^H—Hg 
aUoys which may exist are far less stable than the Pd—^H—^Hg alloys 
mentioned by Prof. Ubbelohde. 

Mr. D. A. Dowden [Billingham) said : In a discussion of the possible 
correlation of the catalytic activity of metals with their electronic struc¬ 
ture, both the electronic models in current use should be exhausted 
of their possibilities since it appears that some situations can best be 
described by one of these models and \rith difficulty or not at all by the 
other. The band theor}?- suggests effects connected ^vith changing electronic 
exit work function, inner potential, electron-level density, etc., and em¬ 
phasizes electron mobihty while Pauling*s transitional metal valencies 
encourage ideas more closely allied to the chemical, directed bond. 

** See Ubbelohde, /. Chenu Soc,, 1950, 1143, 

Mott, Proc, Physic. Soc., 1949, 62, 416. 
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Mott ” has given a qualitative explanation of the variation in cohesive 
energy of the transitional metals as the £?-bands are filled up. Where the 
metals possess vacant ^^-levels the increased cohesion can be ascribed 
to the decrease of the average electron energy on removal of s, ;^-electrons 
into lower-lying til-levels. If a chemisorbed particle is considered, in a 
crude approximation, as just another lattice surface atom then the change 
in chemisorptive bond strength of a given substrate at the surface of 
transitional metals should parallel the change in cohesive energies of the 
metals. An old rule expresses this trend hy including a factor, pro¬ 
portional to the square root of the sublimation energy of the metal, in 
the binding energy of the chemisorbed substrate. 

This interpretation assumes that the electron levels remain almost 
unchanged in the series of metals and focuses attention on the behaviour 
at the top of the Fermi distribution. In fact there may be variations at 
the bottom of the distribution leading to changes in the centre of gravity 
of the occupied ^-levels and hence to changes in cohesive energy and 
heats of chemisorption but the parallelism between these two remains 
unchanged. 

Prof. A. R. XJbbelohde [Belfast) said : The discontinuous change in 
catalytic activity of Pd H-g, or of Pd Au*, at the critical compositions 
which are just no longer paramagnetic, may have more than one cause. 
A factor for which insufficient allowance may have been made is the highly 
strained two-phase structure of the alloys up to the critical compositions, 
when they contain hydrogen. For example, as more hydrogen is dissolved 
in Pd, a and /S PdH phases \vith approximate composition PdHo.os and 
Pd Ho. 66 coexist in the solid, and the hydrogen-rich phase merely grows 
at the expense of the other as the total hydrogen content increases. A 
significant point for catalytic activity is that the coexistence of these two 
phases which have different specific volumes induces a high state of strain 
in the solid. This strain persists, as can be shown by X-ray studies and 
in other ways, till all the solid has been converted to the p phase, after 
which it is much smaller. Two-phase structures are also formed by 
PdAua with X < 0*6, when these alloys have dissolved hydrogen. The 
resultant lattice strains may likewise affect catalytic activity. 

Mr. D. A.Dowden [Billingkam) [communicated ): Experiment indicates 
that the idiosyncrasies of particular alloy systems, remarked by Prof. 
XJbbelohde, do not disturb the general acthity pattern of a decline in 
hydrogenation activity as holes in <f-bands are fiUed up. The notion cf 
a hole in the d-band or its counterpart “ a vacant ^f-orbitalshould 
be neither less useful nor more confusing than was the idea of “an in¬ 
complete Lewis-Kossel octet “ a generation ago. 

The fall in magnetic susceptibility of palladium as it dissolves hydrogen 
is the over-riding criterion of activity changes in the presence of hydrogen ; 
phase changes and strain effects appear to be of secondary importance. 
It should have been a clear indication that in some temperature ranges 
reactions involving palladium must be hydrogen-poisoned. These solu¬ 
tion effects occur only on a smaller scale in catalysts of nickel and platinum 
consequently the nickel-copper alloy series, being free from order-disorder 
transitions and immiscibility gaps is, despite its ferromagnetism, the best 
for general study. 

The geometric path of adsorbed hydrogen atoms during the transition 
from the chemisorbed to the dissolved state must surely include inter¬ 
stitial sites in the surface lattice just as solution involves interstices in 
the bulk. These surface sites, being directly accessible from the gas 
phase, are in the chemisorption zone, possess the largest number of surface- 
metal nearest neighbours, should have the largest heats of adsorption and 

Mott and Joues, Properties of Metals and Alloys (Oxford, 1936). 

” Eucken, Z, Elektrochem,, 1922, 28, 6. 

Seitz and Johnson, J. AppL Physics, 1937, 8, 84, 186 and 246 
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should be fiUed first. Such a surface phase might undergo transitions 
analogous to those of the bulk phases. More important, as Prof. Ubbelohde 
implies, since the ratio palladium/hydrogen atoms for instance in a 
stoichiometric, surface phase on a (loo) plane then that phase has electronic 
properties more like a layer of copper or silvei than palladium.®® Further 
adsorption above this phase, e.g. above the palladium atoms, can occur only 
by much weaker bonds. In fact because of diffusion to the interior this 
surface phase is usually non-stoichiometric under catalytic condition and 
is never as inactive as copper except at very low temperatures. No doubt 
these details could be resolved by a careful study of solution and chemi¬ 
sorption in series of binary’’ allo^^s of the type described. 

Dr. G. G. A. Schuit [KoninklijkelShell Lahoratoyium, Amsterdam) 
(communicated ); Dr. Beeck*s remarkable correlation between the character 
of the metallic bond according to Pauling and his velocity constants for 
the hydrogenation of ethylene can be still improved upon by taking into 
account the \'alency of the metal as stated by Pauling. To effect this, 
lo log k is plotted agadnst valency x % ^?-character.*i 

It is seen that the decrease in activity for Ta, which originally could 
not be accounted for by the decrease in £?-character, is effected by the 
decrease in valenc}’ and that Ta falls on the same straight line as the metals 
with valency 6. Cr, which, according to Pauling, should have a valency 
between 6 and 3, indeed seems to be situated in valency between these 
two extremes. Only W appears definitely to fall out of the correlation, 
but as Dr. Beeck reported the metal-film structure to be face-centred, 
and thus abnormal, this deviation seems explainable. 

Both an increase in valency and in ^^-character tend to strengthen the 
total bonding strength between the metal atoms; this correlation seems 
to indicate that the catah’tic actmty runs parallel to the strength of the 
bonding between the metal atoms. 

Dr. 0 . D, Eley (Bristol) said : The calculations on heats of chemi¬ 
sorption®- assume that the metal orbital used to bond the surface hydrogen 
is, in all cases, the ordinart’' metallic (here sj’mbolized as 
orbital. This would point to a second extreme hypothesis to explain 
our results, \’iz. the chemisorbed H atoms are held by and the 

atomic d orbital is only required to bind the Hg acti^'ated complex 
strongly. Ob^’iously, to decide between these closety similar possibilities 
requires further work. 

In reply to Prof. Ubbelohde, the question of phase separation was most 
carefull}’^ considered by us tvith the conclusions given in our paper, viz. 
that there is no phase separation in the Pd—^Au system, but that a part 
ot the increase in activation energy in the Pd—system may arise from 
the large spacing of the j 9 -phase. We do not want to ignore his suggested 
effects of lattice strain on electron energy levels, but we believe the main 
results described in our paper may be described in terms of the simple 
band or orbital picture. 

Prof. G.-M. Schwab (Athens) (communicated ): It would be of interest 
to study the parahydrogen conversion on Hume-Rothery alloys of Group I 
metals where tf-gaps are absent and the occupation of the conductivity 
band is an important factor. The parahydrogen conversion ought to fall 
in one class vith hydrogenation and dehj^drogenation reactions, and an 
increase of electron concentration or formation of a y-phase, it is predicted, 
should increase the acti^^tion energ}’-. 

I agree vuth Dr. Eley’s view, that the adsorption of hydrogen “ as a 
positive ion ” does not really mean complete ionization, but rather a 
covalent bond by means of electrons shared bet^veen the proton and the 
conductivity band. 

See Beeck, this Discussion 

31 Data taken from Pauling, Proc. Roy, Soc. A, 1949, 23, 196. 

*3 Eley, this Discussion. 
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Prof. R. M. Barrer (Aberdeen) (communicated ): I wish to support the 
observation by Couper and Eley concerning the frequently supposed 
I>ositive charge on hydrogen dissolved in Pd. The calculation of the 
+ve charge per H-atom of i /50 of the protonic charge must if correct lead 
to the conclusion that nearly all the H-atoms are substantially neutral. 
I pointed this out two years ago,®^ and indicated also that the frequently 
postulated protonic character of the dissolved hydrogen was hardly 
compatible with the well-known clustering of the hydrogen atoms in the 
metal when a critical concentration of dissolved hydrogen was reached. 
If the H atoms are protonic, they should reprl one another. 

I would also like to raise a point concerning Table I in the paper by 
Eley and Couper. All the larger apparent energies of activation Ea are 
measured in a much higher temperature range than the small energies 
and there is an abrupt change in the temperature range at the point 
where Ea also changes abruptly. Since one has only apparent energies of 
activation to go by, and since such apparent energies may themselves 
be dependent on temperature (the last two paragraphs in the paper by 
Rideal and Trapnell emphasize just this point) I would like to ask whether 
we can in fact be sure that true energies of activation would vary in any 
similar way ? This it seems may have to be answered satisfactorily before 
the electronic effect on the true energy of activation can be regarded 
as established. 

Prof. J. H. de Boer (Geleen and Delf.) said : The decomposition of HjOg 
is enormously catalyzed by the presence of small amounts of ions of 
e.g. Co®+, Cu^+ etc. Is it to be excluded that a small amount of Cu^*- 
are formed locally when HaOa is in contact with copper ? If this were 
true, curves A, B, and C of Fig. 2 of Dowden and Reynold’s paper would 
denote a decrease of surface attack by Ha02 on copper, by increasing 
amounts of nickel. This might be important for corrosion problems; 
the explanation of such a behaviour would follow the same lines as given 
by these authors. 

Mr. D. A. Dowden (BilUngham) (communicated): Early in our experi¬ 
ments we considered the possibility noted by Dr. de Boer, that the whole 
or a part of the activity in hydrogen peroxide decomposition observed 
on the copper-rich foils might be due to a homogeneous catalysis by metal 
ions dissolved from the foils. However, analysis showed no significant 
differences in metal content between fresh and spent substrate. More¬ 
over, if an otherwise normal experiment was halted during the steady 
state (well before the exhaustion of the hydrogen peroxide) the foil re¬ 
moved and the experiment continued, no activity was observed in the 
second stage. These tests dispose of the possibility of a homogeneous 
catalysis. 

Mr. D. A. Dowden (BilUngham) (communicated ): It has been suggested 
by Prof. H. S. Taylor that some of our results might arise from bulk 
diffusion phenomena and indeed the effects noted by him occur quite 
frequently in the comparison of liquid with vapour-phase hydrogenations 
on the industrial scale. However, in these experiments the inter-phase 
contact is immeasurably better than can be found in a normal liquid- 
phase converter. Inspection of the shaking vessel (photography with a 
flash of duration one microsecond) confirmed the intimate mixing at shaking 
speeds where the reaction rate was already independent of shaking speed 
and showed the absence of any peculiar resonance effects. Attention 
should be drawn to the fact that the vapour-phase reaction over the same 
catalysts shows activity trends with increasing copper content which 
parallel those found in the liquid-phase reaction. This indicates con¬ 
clusively that the activity pattern is a result of variation in electronic 
structure and not of complicated diffusion processes. Since the absolute 
activities of the iron-nickel alloys are of the same order of magnitude as 


Faraday Soc, Discussions, 1948, 4* 77, 120, 


** This Discussion. 
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those of the nickel-copper alloys and all linear dimensions, concentrations 
and shaking speeds remain constant, the same conclusion applies to the 
activity pattern of the iron-nickel alloys. 

Dr. N. Uri {Manchester) {commimicated) : Dowden and Reynolds 
point out that it is necessary to consider the reaction 

Fe*+ -f HaOa FeO*+ -f- H3O 
as an alternative to the Haber-Weiss reaction 

Fe*+ -f HjOa Fe* + OH + OH- 
which adapted to alloy catalysts becomes 

metal -f- Ha02 (metal, O) -f- HgO. 

Although this mechanism, first suggested by Bray and Gorin,®® has been 
recently revived by Kolthofi and Medalia,®’ who show that it is in agree¬ 
ment with the reaction kinetics of the hydrogen peroxide decomposition, 
it would appear that the formation of FeO*+ ion is unlikely for the following 
reasons. 

(i) Whereas the Haber-Weiss reaction can be interpreted as one in¬ 
volving the breaking of the O—O bond in HaOa and electron transfer 
from the Fe®-^ ion to one of the OH radicals, the Bray-Gorin reaction would 
require a complicated rearrangement of atoms. In the latter case one 
would expect a considerable activation energy. Experimentally, however, 
the activation energy is found to be comparatively small, viz. of the order 
5-10 kcal."® and, indeed, corresponds closely to the endothennicity of the 
Haber-Weiss reaction (in accordance with the energy values estimated 
by Evans and Uriand Evans, Baxendale and Uri " for the O—O bond 
in HaOa, the ionization potential of ferrous ion and the electron afi&nity 
in solution of the OH radical). 

(ii) Baxendale, Evans and Park have shown that OH radicals pro¬ 
duced in the Haber-Weiss reaction initiate the polymerization of vinyl 
compounds. No one has as yet observed the inclusion of iron atoms in 
the polymers, although these systems have been thoroughly investigated. 
In this connection I would like to mention that I have recently postulated 
the formation of radicals derived from tungstic and molybdic acid : 
it would also be interesting to establish experimentally whether such 
radical endings could be detected in polymers formed in systems like 
Fe^+ -f H3WO4 -f- HaOa + \myl monomer. 

Prof. G.-M. Schwab {Athens) {communicated ): It is rather satisfactory 
that two so entirely independent approaches to the influence of the 
electronic factor, as Mr. Dowden's and ours, lead to so complete agree¬ 
ment of results. The only difference is that Mr. Dowden, working with 
electron-defect metals, considers the electron gaps in these elements as 
decisive, whereas we, -working mainly on Group I metals, have to do with 
the empty conducti\'ity levels. 

A sphere of contact is given in our study of iron-gold alloys. There, 
in the concentration range where the iron gaps are filled up, Mr. Dowden 
would probably expect a decrease in formic acid dehydrogenation, whereas 
an increase is found. However, this difference can easily be explained 
by the tact that gold is a much more po-werful catalyst than iron or copper, 
in a way that its conducthity band is of much more importance than the 
iron “ gaps 

^ Haber and Weiss, Proc. Roy. Soc. A, 1934, * 47 » 334 » Naturwiss., 1932,20, 
948. 

Bray and Gorin, /. Amer. Che^n. Soc., 1932, 54, 2124. 

Kolthoff and Medalia, /. Polymer Sc%., 1949, 4, 377. 

Baxendale, Evans and Park, Trans. Faraday Soc., 1946, 42, 155. 

Evans and Uri, ibid., 1949, 45, 224. 

Evans, Baxendale and Uri, ibid., 1949, 45, 236. 

Uri, J. Physic. Chem., 1949, 53, 1070. 
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As for the formic acid reaction on nickel and copper, the most reliable 
values for the activation energies, as found in our laboratory, are 15 and 
18 kcal. respectively, which is one-half of the figures given by him. The 
explanation by poisoning is probably correct. In Rienaecker’s early 
work values as high as 26 kcal. instead of 17 for silver and 29 kcal. instead 
of 12 for gold were given. 

One remark is in order concerning the frequency factors of the hydrogen 
peroxide decomposition. Their logarithms, expressed for 15 cm.* surface 
and a product flow in cm.®/min. are 2*1 for q = 10 kcal. and 8*8 for 
= 24 kcal. For formic acid vapour over any catalyst whatsoever the 
respective values are 3-1 and 7-3 kcal. Thus, as to the general relation¬ 
ship of activity and activation energy’', the two reactions, externally so 
ditterent and internally so opposite, do not differ essentially. 

Lastly, it is of interest to note that Wagner and Himmler found that 
the completion of the electron band decreases the (de)hydrogcnation, 
but enhances the nitrogen adsorption, thus indicating the adsorption 
of nitrogen in the form of an anion or at least at the expense of the metal 
electrons. The importance of this in ammonia catalysis is ob\dous. 

Mr. D. A. Dowden {Billingham) {communicated) : It is especially im¬ 
portant now, in view of the successes of the carbonium-ion theory in other 
fields, to keep an open mind about the presence of positive ions at metal 
surfaces. As Huang and Wyllie ** have pointed out, simple image force 
calculations provide no conclusive answer to this problem. In systems 
where hydrogen chemisorption is accompanied by a positive dipole layer 
there is no difficult}'' in apphdng an old established model used in the 
study of thermionic emission and considering a small fraction of the 
surface to be covered by positive ions 01 strong positive dipoles. More¬ 
over, any chemisorbed hydrogen, whatever the polarity of the bond, may 
function as a proton under those conditions where the presence of another 
species of large proton affinity (e.g, olefines, alcohols) can lead to the pro¬ 
duction of strongly adsorbed carbonium and oxonium ions. Bremner ** 
has given evidence suggesting that the hydrogenolysis of esters and al¬ 
cohols is controlled by reactions involving carbonium ions at the surface 
of metallic copper catalysts. If this analysis is correct then one must 
admit the presence of aefeorbed species which are essentially positive ions 
not only at copper surfaces but at all active metal surfaces. 

Prof. J. H. de Boer {Geleeu at d Delft) said : Prof. Schwab’s remarks 
that there is a linear relationship between the logarithm of the frequency 
factor and the activation ener^ reminds me of a similar relationship 
between the work function ^ of a metal and the logarithm of the constant 
A of the Richardson equation for thermionic emission : 


in cases of adsorption of gases on metal surfaces. An increase of ^ by 
the chemisorption of, e.g. oxygen, is accompanied by a large increase of A, 
whilst a decrease of ^ by the adsorption of, e.g. alkali metals or thorium 
or, in many cases, hydrogen, gives rise to a substantial decrease of A, 
Richardson himself noticed already that both A and ^ depend amongst 
other things, upon the degree of occupation with adsorbed material Q 
and that a relationship : 

^ =s ^0 4 " ^ In Aq 

holds. The cause of the change of the coxistant A was later ascribed by 
Schottky and by others to the temperature dependence of the dipoles 
which the adsorbed atoms have formed on the metal surface. This tem¬ 
perature effect gives rise to a temperature dependent term in A^, which 

*®This Discussion. 

*^de Boer, Electron Emission and Adsorption Phenomena (Cambridge, 1935). 

** Bremner, Research, 1948, i, 281, 
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term when substituted in Richardson's equation cancels its proportion¬ 
ality \inth T against the T ot kT, the result being that part of the exponent 
is independent on temperature and will automatically be combined with 
A. The effect gives indeed the right order of magnitude for the changes 
in A which are observed.^ 

If now in a catalytic reaction the formation of a positive ion plays a 
dominant role, and we can alter the work function of the metal indepcnd- 
entty, we may expect: 

(i) An increase of the work function to give a decrease of the energy 
of activation and a decrease of the frequency factor ; 

(ii) a decrease of the work function to give an increase of the activation 
energy and an increase of the frequency factor. If the formation of a 
negative ion on the surface plays a dominant role, we expect : 

(iii) an increase of the work function to increase the activation energy 
and to increase the frequency factor; and 

(iv) a decrease of the work function to decrease the activation energy 
and to decrease the frequency factor. 

I would n.it be surprised if double layers of either positive or negative 
sign play a rcl2 at the surface of alloys. I do not think it improbable 
that, e.g. in a silver-cadmium alloy, the distribution of the cadmium 
atoms and the silver atoms at the surface results in a small double la5’'er 
with its positi\e side pointing away from the metal. The formic acid 
decomposition m such a surface would then represent case (ii), giving 
an increase of both the activation energy and the frequency factors, as 
Prof. Schwab has found. 

Mr. P. Rowli'nd (Guy’s Hospital, London) said : I wish to call atten¬ 
tion to the work of Gwathmey and his collaborators.*® The essential 
properties of heterogeneous catalysts arc mainl}’* the chemical properties 
qf'-the surfaces of clvstallites and it is therefore valuable to study the 
chemistry of the surfaces of single crystals. Two main types of experi¬ 
ment have been carried out on electro-polished single crystal spheres, 
slices, etc, 

(a) The rates of reaction of the different faces -with Og, Clg, etc., have 
been studied and found to vary markedly \\ith the indices of the surface 
planes.** 

(b) Catalj'tic reactions have been studied, e.g. the reaction of 
with O2 in the neighbourhood of 400® C on copper and nickel.*^ In many 
cases rearrangement of surface atoms of the metal occurs during the 
catalytic reaction to give microfacets parallel to certain crystal planes, 
e.g. the reaction between Ha and Og on copper exposes mainly (in) micro¬ 
facets. Gwathmey has further sho\\Ti that different faces have different 
catah’lic activities (e.g. for -f- Og on copper at 400® C the activities 
of (001) and (in) are in the appropriate ratio i : 2) and has shown some 
correlation between the catalytic properties of a face and its oxidation 
rate. 

The author has extended the oxidation technique by studying reactions 
such as 

Cu (crysi.) -f- I^Cg) Cual2(g) 

under conditions such that bulk halide is not built up.** These reactions 
etch the surface so that only certain microfacets appear (i.e. (001), (on), 
(in) and (012)). It is the author's opinion that these microfacets appear 
because the^^ are stabilized by chemisorbed monolayers of halogen. It 
is also suggested that in the reactions bet^veen Hg and Oj studied on metal 
surfaces by Gwathmey, the rearrangement of the surface metal atoms is 

Cp. de Boer, Electron Emission and Adsorption Phenomena (Cambridge, 1935). 

*® Benton and Gwaihmey, J. Physic. Chem., 1942, 46, 969. 

*’ Gwathmey and Leidheiscr, /. Amer. Cheni. Soc., 1948, 70, 1200, 1206. 

Rowland, Nature, 1949, 164, 1091. 
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ordered by relatively stable adsorbed layers of oxygen on the faces con¬ 
cerned. There is strong evidence that in the presence of electronegative 
substances at moderate temperatures the mobile surface atoms of a metal 
rearrange to give definite microfacets/® 

These experiments have an important bearing on the production of 
metal catal3rsts either by reduction of oxy-compounds or by leaching 
out one component of an alloy as in the manufacture of Raney nickel. 
Thus, in the later stages of the reduction of CuO with hj'drogen, con¬ 
ditions closely resemble those in the reaction of Hj with Oj on copper 
crystals. In both cases copper atoms migrate freely through the vapour 
phase. ® It will be expected, therefore, that the copper crj-stallites pro¬ 
duced will present mainly (in) facets as in Gw’athmey’s experiments. 
Also, unless exceptionally pure hydrogen is used nearly all metals will 
retain a monolayer of oxygen and their catalytic properties are those of 
surfaces so contaminated. On the argument given above it is pr bable 
that, beside altering the work function, etc., these layers stabilize the 
facets of the crystallites and inhibit sintering (e.g. pure copper sinters at 
room temperature and is non-catalytic *^). 

Similar considerations apply to experiments on “ flashed tungsten 
wires. The cleaning process at high temperature should leave a smooth 
surface®* but heating in the presence of oxygen should produce microfacets 
and hence a change in the surface. 

There is strong evidence that etching in solution is also controlled by 
chemisorbed layers • ® and this may be important in the production of 
Raney nickel by leaching out A 1 from Ni -f- A 1 alloy. The nickel atoms 
must re-aggregate since they are too widely spaced in the original alloy 
to form a structure after removal of the aluminium. The adsorbed 
layers will play an important part in determining which facets predomin¬ 
ate in the nickel crystallites and will also remain to modify the catalytic 
properties of the metal. Studies of the electrochemical properties of metal 
crystals are therefore essential to an understanding of Raney type catalysts. 

The chief criticism of the single crystal method is the impossibility of 
obtaining a clean surface. However, as indicated above, most metal 
catalysts are contaminated with oxygen. In any case, the state of the 
surface which is important is that which obtains during catalysis and it 
is not practical (or even possible in some cases) to work with reagents 
which are completely free from oxygen. The chemistry of catalysts is 
therefore, in the main, the chemistry of contaminated surfaces and for 
this reason the study of the behaviour of known crystal surfaces, under 
well-defined conditions of contamination (e.g. oxidation, Ha -f Og catalysis, 
etc.) is of fundamental importance. The results of Gwathmey and of 
the author together with those of electron emission experiments show 
that the adsorptive properties (and hence the effective chemical properties) 
of metal surfaces are very dependent on the crystal plane concerned. 
By appl37ing single crystal techniques in conjunction with those of electron 
diffraction and electron emission further insight may be gained into the 
processes involved in the production of metal catalysts, the types of 
surface which predominate and the chemical properties of those surfaces. 

Mr. D. A. Dowden {BilUngham) {communicated) : Our magnetic ap¬ 
paratus could not be used to determine Curie points and it was not there¬ 
fore of use as a test of homogeneity in the ferromagnetic alloys. The 
supported alloy catal5rsts are not completely homogeneous because the 
susceptibilities of the nickel-copper series from o*6 to 0-9 atomic fraction 
of copper are somewhat larger than for the corresponding annealed foils 

Chalmers, King and Shuttleworth, Proc, Roy, Soc. A, 1948, 193, 465. 

See also Dowden and Reynolds, this Discussion. 

Beeck, Smith and Wheeler, Proc, Roy, Soc. A, 1940, 177, 62. 

** But only if alternating current is used ; see Johnson, Physio, Rev,, 1938, 
54, 459 * Tamman and Sartorius, Z, anorg, Chem., 1928, 175, 97. 
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and show a slight field depend nee between 2000 and 4000 oersted. 
Nevertheless the close parallelism between the decline in susceptibility 
(at a fixed field strength) and activity in the region where the 3 ^^-band 
is filling establishes the main point for the bulk of the catalyst. The 
inferences dra^vn from the results on the iron-nickel series must be true 
in a similar approximation. 


Ill, ADSORPTION AND CATALYSIS ON OXIDES 

INTRODUCTORY PAPER 
By W. E. Garner 

The principal catalytic reactions occurring on oxides are those con¬ 
cerned with hydrogenation, dehydrogenation, dehydration and oxidation, 
and subsequent molecular rearrangements such as isomerization, polymer¬ 
ization, etc. The basic processes therefore involve the exchange cf 
hydrogen, oxygen and w-ater, and in some cases carbon monoxide, bet\veen 
the adsorbent and the substrate. It is clear that the nature of these 
elementary processes must be understood before the kinetics of oxide 
catalysis can be placed on sound foundations. With this in mind, con¬ 
siderable attention has been paid in recent 3^ears to the study of the basic 
processes by physical and chemical methods. 

The Substrate.—^The oxides act as catalysts in a region of temper¬ 
ature where there is believed to be relatively little mobility of oxygen 
atoms in the lattice itself, although, as shown by the rates of oxidation 
of metals at low temperatures, there may be appreciable movement 
of metal ions undei the electiical fields which are set up during the oxida¬ 
tion, 2 On the surfaces of oxides, however, there must be greater freedom 
of movement, and the mobility of the oxygen atoms must be considerably 
greater on the surface than in the bulk of the oxide. The work of Hiittig * 
on the interaction between mixtures of oxides shows that the first process 
on raising the temperature is the flow of the more mobile oxide over the 
surface of the less mobile oxide. Experiments by Winter * on the ex¬ 
change of 0 “ with the oxygen atoms of AlaOg, MgO and CrgOj show that 
there is a very considerable mobility of oxygen from the first layer of 
atoms into the adsorbed state and vice versa. 

In this Discussion, Winter describes further work on oxygen exchange 
with thorium oxide (440-540° C), chromium oxide (323-527° C) and mag¬ 
nesium oxide. In all cases the exchange reaction is kinetically first order. 
The interesting result is obtained that for chromium oxide the activation 
energy is 29-5 kcal. up to 410°, and 1-4 kcal./mole above this temperature. 
The rate-determining step is ascribed to desorption below 410° and to 
exchange between adsorbed oxygen and the oxygen atoms of the lattice 
above this temperature. If this interpretation is correct, then the oxygen 
ions in the surface of CrjOa are mobile at catalytic temperatures. 

The oxide catalysts may be classified into two groups, semiconductors 
and insulators. In semiconductors there is a higher mobility within the 
lattice than occurs with insulators, as a result of which lattice defects 
are the more readily produced. There are tw’O principal kinds of defect 
in oxides, one due to an excess of metal and the other due to an excess 
of oxygen within the lattice, and both kinds may arise during the oxidizing 
and reducing processes that occur in catalytic reactions at high temper¬ 
atures. However, within the range of temperatures at which catalytic 

1 Mott and Gurney, Electronic Processes in Ionic Crystals, 1940. 

® Anderson, Trans. Faraday Soc., 1948, 44, 163. 

9 Hiittig, Z. anorg. Chem., 1935, 224, 225 ; see also this Discussion. 

^ Houghton and Winter, Nature, 1949, 164, 1130. 



212 


INTRODUCTORY PAPER 


processes are earned out, the formation of defects by oxidation and 
reduction is confined, in general, to the surface la5’’ers, since the diflusion 
of defects within the lattice possesses a high temperature coefficient. 
The importance of these defects for catalysis lies in the fact that around 
the defects there are produced a variety of surface energy levels, some of 
which may lie m the range required (a) for electron exchange reactions 
between the absorbent and the lattice and (6) for the facilitation of chem¬ 
ical bonding of molecules and atoms with the surface. Dowden® has 
analyzed the position from this point of view, and has indicated the ways 
in which defects can facilitate adsorption processes. Since the basic 
reactions occurring on the surface of semiconductors may modify the 
semiconductivity, measurement of this property during adsorption and 
catal5dic reactions yields useful information.®* ’ 

Ghemisorptioii.—There has been much discussion as to whether 
chemisorption and catalytic reactions occur on the whole available sur¬ 
face or on active centres. As Eucken ® points out, it is important to 
separate adsorption from catalysis, since there may be reasons of a statis¬ 
tical character why, on a completely covered surface, only a part of the 
adsorbed film is effective catalytically. There seems to be little doubt 
from the studies of tungsten and nickel surfaces, that the whole surface 
is involved in the chemisorption of hydrogen, and there also seems to 
be little doubt in the case of some of the catalytic reactions involving 
hydrogen. There is, how^cver, no reason why this should be generally 
true. The energetics of the catalytic activation of hydrogen have been 
discussed by Polanyi,® who finds that on a good hydrogen catalyst the 
strength of the hydrogen bond with the surface must lie within narrow 
limits. This is probably true generally with regard to the relationship 
between the strength of the bonds of chemisorbed substances and cata¬ 
lytic activit}^. The conditions for the formation of a chemical l;^nd with 
the characteristics required for catalysis may be just as likely to be met 
at a defect, a Frenkel step, or a dislocation as at a plane surface. There 
is therefore no a priori reason why catalysis should not proceed as rapidly 
at defect structures as on the plane surface, except that the numbers of 
defects are necessarily limited compared with the total number of surface 
atoms. Many observers working with oxide surfaces have found it 
necessary to postulate the presence of active ” centres. A striking 
example is that of catalysis on alumina-silica, where the activity is pro¬ 
portional to the number of structural acid groups on the surface.^® 

One of the stages in a catalytic reaction involves the dissociation of 
molecules, which requires the breaking of strong chemical bonds (Hj, 
102, and O2, 117 kcal.). This is, however, balanced by the simultaneous 
formation of strong bonds with the surface of the solid. There is, how¬ 
ever, a lower limit of temperature below which the dissociation occurs 
very slowly. This varies hrom case to case ; for example, it occurs at 
150° K for hydrogen on nickel ® and at 300® K for hydrogen on 
manganous chromic oxide.There is considerable evidence available 
(cf. Eucken*) that hj^drogen may be chemisorbed as molecules as well 
as atoms. Taylor has summarized the evidence bearing on the dissoci¬ 
ation of hydrogen and other gases on solid surfaces.^® 

In many of the catalytic reactions invohdng oxides, adsorbed hydrogen 
would appear to be dissociated into atoms at temperatures below those 
at which catalytic reactions involving hydrogen occur. Therefore, in 

® Dowden, /. Chem, Soc., 1950, 242. 

® Gamer, Gray and Stone, this Discussion; Gray, this Discussion. 

Anderson and Sevan, this Discussion. 

* Eucken, this Discussion. 

* Polanyi, Sci. J. Roy. Coll, Set,, 1937, 7 » 21. 

Millikan, Mills and Oblad, this iSiscussion. 

^ Taylor and Williamson, J, Amer, Chem, Soc„ 1931, 53, 2168. 

Taylor, ibid,, 1931, 53 » 578 ; Advances in Catalysis (1947), P* 
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the majority of cases, the dissociation of hydrogen may be ruled out as 
a rate-determining step. 

On oxides, hydrogen may be reversibly or irreversibly chemisorbed. 
The occurrence of reversibly adsorbed hydrogen on oxides is of interest 
because it resembles the adsorption of hydrogen on metals. The ad¬ 
sorption of hydrogen on metals can be visualized as giving M—H linkages, 
the hydrogen being bonded possibly with the electrons of the ^-shell. 
On zinc oxide, which possesses interstitial zinc atoms, the reversible 
adsorption of hydrogen of this character on the defects offers no diffi¬ 
culty, nor does its adsorption on the lower oxides of the transition elements, 
where not all of the metal atoms are directly linked to oxygen. In pro¬ 
moted oxides, where one of the oxides is easily reduced to metal (for ex¬ 
ample, Cu in CuO . ZnO) or on promoted iron-ammonia catalysts, the 
metallic type of bonding with hydrogen must be present.® Oxides 
showing reversible adsorption of hydrogen at low temperatures, on heating 
may evolve hydrogen, which is re-adsorbed irreversibly on raising the 
temperature to give OH groups on the surface. This explains the fact 
that at still higher temperatures, the hydrogen can be desorbed only as 
water. The adsorption of hydrogen atoms on oxides may thus be effected 
in at least two ways, in one of which it is held as jM— and in the other 
as M—OH. Many catalytic piocesses may involve the s\vitch of hydrogen 
from one position to the other. Further investigation may, however, 
show that hydrogen is adsorbed in other w^ays in addition to the two 
mentioned above. 

Work described in this Disucssion * indicates that the oxygen mole¬ 
cules adsorbed on CugO surfaces undergo the following series of reactions : 

1 2 s 

O, 0—0 ^ 20 20-. 

/ / 

Stage I, gi\dng a chemisorbed molecule, is apparently a rapid process, 
as is also the case with hydrogen, but it has not been found possible to 
decide whether 2 or 3 is the rate-determining step. There is consider¬ 
able mobility of the adsorbed oxygen atoms on cuprous oxide, so that on 
porous surfaces some of the oxygen may escape reaction with other gases, 
possibly due to diffusion down narrow channels. Thus, in the reaction 
between COj and adsorbed oxygen, the gases must be admitted simul¬ 
taneously with the carbon dioxide in large excess in order that each 
oxygen atom may enter into reaction. A similar time dependence of 
the reactivity of adsorbed hydrogen is found by Eucken in studies of the 
reduction of C3^clohexene, which he ascribes to the separation of the 
h\’drogen atom pairs formed on dissociation b}^ a process of surface 
diffusion. 

The chemisorption of carbon monoxide is ver\>^ similar to that of 
hydrogen. The heats of adsorption and behaviour on desoiption indicate 

that there are two t3’pes of bonding which can be represented as M-CO 

and MOCOa.^* In this connection it mil be noted that carbon dioxide 
can react with adsorbed oxj’-gen to give surface carbonate ions held by 
electrovalency to the surface. 

In the chemisorption of hj’drocarbons on oxide surfaces, there is a 
rupture of carbon-carbon and carbon-hydrogen bonds. There are two 
theories of the cleavage process, in one of which radicals are produced 
which adhere to the surface by homopolar bonds ; according to the other, 
carbonium ions are produced which adhere to the surface by electro¬ 
valency. In order to explain the nature of the final products of M^dro- 
carbon alkylation, isomerization and cracking, and the ^fields in which 
the products are obtained, it has been convenient in recent j^ears to 
postulate the formation of fugitive intermediates containing the carbonium 

Gamer and Kingman, Trans. Faraday Soc., 1931, 27, 322. 

Gamer, J. Chem. Soc., 1947, 1329. 
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ion. The presence of a positively charged carbon atom in the hydrocarbon 
chain is regarded as facilitating scission, and the transference of hydrogen 
atoms and methyl groups along the carbon chain. There appears as yet 
to be no independent physical evidence supporting the carbonium 
mechanism, which is highly desirable. 

Promotion and Poisoning.—^The types of promotion and poisoning 
are at least as numerous as the ways in which solid substances can 
interact with one another. Mixtures of solids can give rise to solid 
solutions or chemical compounds. Also, additives can modify the net¬ 
work structure of glasses and colloidal aggregates, or can produce various 
types of interface when adsorbed on a solid surface. 

Solid solutions are of considerable importance in the semiconducting 
oxides, especially if the cations and anions entering into solid solution 
ha^'c different valencies from those of the lattice. It is possible to vary 
the number and nature of the anionic and cationic vacancies by the addi¬ 
tion of appropriate ions which will lead to modifications in catalytic 
acti^ity. Again, vacancies can be poisoned by the adsorption of strongly 
adsorbing ions on the defect structures. The alkali metals may play 
this role in a number of catalysts. 

In the formation of chemical compounds between oxides (as in the 
formation of spinels from oxides), Hiittig ® has shown that labile inter¬ 
mediate states are first formed on the surface of the less mobile oxide 
which are more effective in catalysis than the final compound. The 
characteristics of mixed oxide films on the surface of solids and their 
nucleation to give a second solid phase form an interesting subject for 
further research. The new surface lattice structures may be geometrically 
more useful for catalysis than those of either component, and they may, 
on energetic grounds, enter more readily into chemical reaction with 
adsorbents. The nature of the defects may be modified by compound 
formation, and from this point of view Anderson has studied the semi¬ 
conductivity of the Spinels. The importance of the structural acids 
produced by the interaction of alumina and silica gel is emphasized in 
this Discussion in the employment of cracking catalysts. 

Selwood and his co-workers have employed magnetic susceptibihty 
measurements to study the structure of the transition metal oxides, for 
example, of chromium, manganese, nickel and iron, wrhen dispersed on 
supporting oxides such as magnesia, y-alumina and rutile. It w’-as shown 
that above a certain surface concentration the transition metal oxides 
aggregate into islands of several layers thick which have high magnetic 
susceptibilities and high catalytic activit}’'. The support may confer 
its own structure and induce its own valency on the transition metal oxide : 
thus nickel on magnesia has a valency of two, on y-alumina a valency of 
three, and on rutile a valency of four. Selwood and Lyon “ extend this 
work in this Discussion to other oxides on the same supports. The 
stabilization of different valencies on the supported oxide obviously must 
play an important part in catalysis, and the magnetic susceptibility 
results indicate that the ^-shell is involved in the surface reactions. 

Griffiths, Chapman and Linders have studied the promotion of 
molybdenum oxide catalysts by silica, making measurements cf changes 
in composition, surface area, crystal structure, electrical conductivity 
and thermoelectric potential of the catal5rsts. It is shown that the area 
and activity of the catalyst for hydrocarbon decomposition is at a maximum 
when the maximum amount of silica is incorporated in the lattice. There 
is some reduction to metal with hydrogen when the silica exceeds 3 %. 
The molybdenum metal produced is not, however, believed to play much 
part in the catalysis, which is mainly due to M0O2. Evidence is brought 
forward that MoO* is an electron-excess conductor. 


^ Selwood and Lyon, this Discussion. 

Griffiths, Chapman and Linders, Discussion. 
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Insulators as Catalysts.—Insulators, of which silica-alumina and 
aluminium chloride are examples, bring about the dehydration, isomeriza¬ 
tion, polymerization and the cracking of organic molecules. Since the 
mechanisms of the processes which are involved resemble those occurring 
in the homogeneous phase with strong acids, it is generally concluded 
that the sites responsible for the catalysis are strongly acidic. It is also 
on similar grounds maintained that organic carbonium ions, and oxonium 
ions, are formed as intermediates during cracking processes, and that an 
exchange of protons occurs between the adsorbed molecules and the 
surface. Water present as OH and H ions is regarded as being the 
source of the protons, since the acthuty decreases with fall in the water 
content of the catalyst. In agreement with these hypotheses, the acidity 
of the surface, as determined by chemical methods, in many cases runs 
parallel with the catalytic activity and also, as anticipated, poisons of 
a basic nature are found to lead to a decrease in activity. 

These questions are discussed in a number of papers in this Dis¬ 
cussion. Millikan, Mills and Oblad have studied the nature of the 
structural acidity and conclude that structural acids do, in fact, exist 
at catalytic temperatures but are unstable at the higher temperatures. 
They suggest that in some cases structural acids are not actually needed 
for all cataly’tic cracking reactions. Since hydrocarbons are weak Lewis 
bases, all that is needed is an active polar complex of aluminium oxide 
and silica capable of undergoing change 6f co-ordination. It is suggested 
that these complexes are formed at the points of contact of silica and 
y-alumina grams. May, Saunders, Kropa and Dixon have studied the 
cracking of i : i-diar^d ethanes on silica-alumina catalysts, using the 
production of ethyd toluene and methyl stjTene as a measure of the total 
cracking. It is shown that the rate of cracking decreases as the electro¬ 
negativity of the hydrocarbon increases, the order being the same as in 
Hammett’s reactivity series. This supports a carbonium ion mechanism 
in which there are interchanges of protons between structural acids and 
the adsorbed molecules. Tamele ascribes the activity to changes in 
the co-ordination number of an aluminium-silica complex by the addition 
of water. This complex in a fully dehydrated state is a Lewis acid and 
an electron pair acceptor. He ascribes various methods of determining 
acid strengths of catalysts, and in particular the titration of the solid 
immersed in benzene with ^z-butylamine, using /?-dimethylaminobenzene 
as indicator. The acti\ity of the catalysts for a number of processes 
runs parallel with the acidity. In the polymerization of zsopropylene 
the activity’’ varies linearly’’ with the surface acidity% 

The University, 

Bristol. 

May^, Saunders, Kropa and Dixon, this Discussion. 

Tamele, this Discussion. 
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Intermediate states in the transformation from an oxide mixture to a 
chemical compound are important in the theory^ of catalyrsts. The transforma¬ 
tion does not proceed discontinuousty but through individual characteristic 
states ; it takes place by the diffusion of the mobile component, i.e. the oxide 
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of lower melting point, over the surface of the less mobile component, the former 
later becoming strongly bound and localized. Other stages of activation include 
internal diffusion of the mobile oxide, the formation of disordered crystalline 
aggregates and finally the filling of crystal defects. The various stages are 
linked with the changes of catalytic activity during activation for binary oxide 
systems. 


The acti\’ity of a catalyst composed of several oxides depends primarily 
upon its chemical nature, which can be determined by qualitative and 
quantitative analysis. As a general rule it is valid to suppose that an 
observable catalytic activity can only be expected if there is some chemical 
afi&nity between at least a component of the catalyst and a component of 
the substrate which, however, m the conditions under consideration, 
^vill just be sufficient to bring about a chemical reaction between the 
catalyst (or part of it) and the substrate. 

The complexity of catalytic phenomena in this field is even greater, 
since systems of the same chemical nature show different catal3rtic 
characteristics according to their previous histo^5^ The cause of this 
may be the difference in the magnitude of the reactivity. We shall define 
the chemical reactivity as the free energy which i mole of the catalyst 
system in the state considered contains in excess of that in its thermo^ 
dynamically stable state. In general there is little error if one equates 
the chemical reactivity to the thermodynamic activity which, according 
to the above consideration, is related to the difference in the total energy. 
The cause of activity in catalysts consisting of a single oxide lies either 
in the high degree of dispersion, or irreversible lattice defects, or less 
often, in the existence of a thermodynamically unstable modification. 
For catalysts consisting of several oxides, a further possible cause of the 
activity is the potential energy of the oxide mixture compared with that 
of its reaction products. Thus, for example, although each oxide alone 
shows no activity, a mixture of ZnO and CrgOj will react slowly (perhaps 
after a very long period) to form the compound ZnCra04, and here the 
activity of the mixture is larger than that of the product by an amount 
equal to the affinity of this reaction. From experience we know that 
the process above does not proceed discontinuously, but passes through 
a number of intermediate states, which can no longer be regarded as 
being the original mixture nor yet the final product. A mixed catalyst 
^vill thus change continuously in the catalytic furnace to a greater extent 
them a single oxide. Since it is a fundamental postulate of thermo¬ 
dynamics that a scries of successive states indicate also a series of free 
energies in decreasing ordei of magnitude, it is possible to reduce the 
changes which occur in a catalyst consisting of an oxide mixture, to the 
following scheme. 

The arrangement of decreasing reactivity is of course related only 
to tlie total free energy content per mole of catalj’st, and not at all to 
how this free energy is distributed over the individual molecules. Thus, 
in principle, we can have in any state, molecules or regions with a high 
free energy content and others with small eneigy content. Regions of 
especially high free energy content are expected at or near the phase 
boundaries. Every active substance must take part in every reaction or 
every chemical equilibiium which has an affinity larger than the reacthdty 
by an amount which would be attributed under similar conditions to 
the stable metals.^ This is, of course, also valid for the transient re¬ 
actions and processes which take place between catalyst and substrate. 
Thus, under similar conditions the catalytic activity will be the greater, 

^ Thus for example, a stable ZnO in contact with liquid water is in equilibrium 
with stable Zn(OH)2 at 39° C, whereas ZnO of thermochemical activity of 930 
cal. is in equilibrium with it at 140® C. Htlttig and IVIdldner, Z. anorg. Chem., 

1933. 21*, 368. 
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the higher the reactivity. It is therefore not impossible that the total 
catalytic activity of any one of the intermediate states may be greater 
than that ol the original mixture, since in some of the intermediate 
states, the activity of the sites accessible to the substrate, and perhaps 
their number, is greater than in the original mixture. It is a well-known 
experimental fact that many catalysts require a certain time before reaching 
their optimum catalytic activity. 


Mixture 

Intermediate States Stable Compoud 

(ED 

. - 

Activity : A 

> 0i>flg>02>- Ao = -©" 


->■ The Ageing of the Catalyst ->■ 


Fig. I. 


This definition of the acti\ity in terms of energy is insufficient for an 
unambiguous description of such a state. It is possible for two catalysts 
identical in chemical composition and free energy content to behave 
different^ in regard to catal^i^ic activity because of differences in kind 
and spatial arrangement of lattice defects or constitutional character¬ 
istics. In modem chemistry, especially using colloid principles, one can 
obtain an almost infinite number of states in one and the same chemical 
compound. Such states (in some cases confined to the surface) can be 
caused by partial or complete differences in the position of the atoms or 
molecules oi ions. This causes a number of singularities in the fields of 
force betsveen atoms, which in turn affect in different ways the extent 
and selectivity of the catalyst. With single oxides there exist as many 
siries of states as there are reactions in which an oxide is involved. 
E\’ery active state of the solid will still have the characteristics of the 
solid from which it has been formed. It is clear that the possibilities 
of preparation ^vill increase as we pass from a single oxide to systems 
built up from two or more oxides. The variations in preparation most 
frequently made use of include the following: the stable oxides are 
ground separately or together to a more or less finely dispersed S5"stem, 
or one can use as starting material reactive oxides 'with certain properties, 
or alternatively compounds are put into the catalyst furnace (e.g. 
hydroxides or carbonates) which at the temperature employed are trans¬ 
formed into oxides. Often, small alterations in the method of prepara¬ 
tion (as for instance the capacity of the furnace, or the method of stirring, 
or mixing ®) may cause essential differences in the catalytic properties 
of the resultant preparation. The gaseous atmosphere in which the 
catalyst is formed has also a considerable influence. To obtain a certain 
selective actmty, it is especially favourable to prepare the catalyst in 
an atmosphere of the same gas (e.g. by thermal decomposition of an oxy- 
salt) whose change is to be effected catalytically. Thus, for example, 
one would prepare the iron catalyst, required for ammonia synthesis, by 
reduction of an iron oxide with the mixture (3H2 -f- iNj). The phenomena 
encountered in this field are comparable in their enormous complexity 
with those found in organic chemistry. In the literature of catalysis, 
the development of theory has dealt relatively little with this aspect, 
in contrast to the predominant part given to it in kinetic problems. The 

* Htlttig and Heinz. Z. anorg. Chem., 1948, 255, 223. 
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majority’' of the innumerable empirical observations found in the patent 
literature are almost ignored by those engaged in fundamental research. 
An attempt by Hiittig ® to introduce some theoretical order, on the basis 
of a comprehensive system of reaction types, lias remained almost un¬ 
noticed. 

An example of the fundamental dependence of the properties of the 
catalyst upon its history is shown in Fig. 2. Two different compounds 

were prepared, both ha\dng the 
composition iZnO -f iFcaOg. One 
compound (a) was prepared by 
mechanical dismiegration and ad¬ 
mixture of the two oxides, while 
the other compound (6) was formed 
by precipitation of the Zn and Fe 
hydroxides from a common solu¬ 
tion. As is well known, these 
hydroxides arc transformed into 
oxides at moderate temperatures. 
Various samples of each compound 
were heated 111 the same way, to 
different high temperatures Ti and, 
after cooling, their magnetic mass 
susceptibility x was measured. In 
Fig. 2 the temperatures of pre¬ 
heating are plott^ as abscissae and 
corresponding values of x X 10® as 
ordinates. Graphs (a) and (6) refer 
to the compounds mentioned 
above. It can be seen that the magnetic character of the two series 
of compounds is completely different, and the same might be expected 
of their catalytic properties. 

In the theory of catalysts, those intermediate states in the transforma¬ 
tion from the oxide mixture to the chemical compound will be of special 
importance. Preliminary information about this is obtained from the 
experimental results given in Fig. 2. Various samples of the mixture 
iZnO -{- iCraOa were heated for the same time in a stream of pure 
nitrogen to different high temperatures. After cooling, determinations 
'Were made of the solubility oi ZnO at 40° C in 10 N hydrochloric acid 
and that of CraOa in boiling hydrochloric acid cf maximal concentration. 
The amounts of ZnO and CrjOa dissolved at any instant are plotted as 
a function of the preheating temperature (ordinates are on a different 
scale for ZnO and CrgOs), In the upper half of Fig. 3, the full line cor¬ 
responds to the amount of CraOj dissolved and the dotted line to that of 
ZnO. In the lower half of this Figure are given the results of X-ray 
examination of the compounds prior to solution. 

From these results, one can dmw the following conclusions. Firstly, 
the transformation of the mixture into the chemical compound does 
not occur discontinuously but through individual, characteristic, inter¬ 
mediate states which, however, are not substances with specific X-ray 
diagrams. For example in Fig. 3, such intermediate states predominate 
for the two compounds preheated between 550® C and 900® C. The mode 
and extent of catalytic capacity are characteristic of the corresponding 
system of mixed catalysts. 

Secondly, in the course of this transformation, both oxides fulfil 
different functions, often marked by opposite behaviour. Thus increase 
in the solubility of one component always corresponds to a decrease in 
the solubility of the other, or vice versa. It is only when the final 
product ZnCrjO^ is present that any further alteration is associated vdth 

® Hiittig, Kolloid-Z., 1941, 94, 258. 
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a decrease in the solubility of both components. We shall therefore 
distinguish between a “ mobile ” component, that with the lower melting 
point (in this case, CrjOs), and the “ less mobile ” component (ZnO). 

400 800 

» » « t I I I 1_I „„i, j 



fZnO -|- Cr203) ZnO ZnCr204 

-f- CrgOi 

-j- ZnCr204 

Fig. 3. -ZnO -CtoOi 

It is clear that the existence of these intermediate states and the 
phenomena associated with them, are of special interest in the theory 
of catalysts composed of two or more oxides. Naturally one cannot 
expect to solve this problem simply on the basis of catal5rtic and related 
phenomena but rather on the broadest possible phenomenological basis. 



a 



d 


e 



Fig. 4 

The experimental methods employed here are the same as those re¬ 
ferred to in Fig. 3. The change of some arbitrarily chosen properties of 
the system iZnO -j- iCraOj are shown in Fig. 4. The results unless other¬ 
wise stated have been obtained by Huttig and his co-workers. 

Graph (i) shows the catalytic acti\dty of the system for the CH3OH 
decomposition ; (2) refers to the same process observed by Jandcr and 
Weitendorf, while (3) gives the intensity of the strongest line of 
in the X-ray diagram, and (4) the strongest line of ZnCra04. 
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Graph (5) represents the magnetic susceptibihties, and (6) the amounts 
of water taken up in constant time intervals and water vapour pressures ; 
(7) shows the adsorption capacity compared with Pb(N08)a dissolved 
in CH3OH as observed by Starke by means of radioactive indicators. 
Graph (8) gives the adsorption capacity for eosin solution; (9) shows 
the velocity with which compounds become oxidized to ZnCrO*. 

As these results were obtained by different authors with compounds 
of not always the same pre\dous treatment, they can only serve a quali¬ 
tative purpose. Especial use may. however, be made of the adsorption 
isotherms of any suitable gas as the interpretation of these by Langmuir 
and by Zsigmondy, allows us to estimate quantitathe and qualitative 
changes in the surface and also in the distribution of the radii of capillaries. 
Systems which have been investigated from this point of view are : 

AlsOj with CrjOg; with FC2O3 ; with SiOg. 

BaO with ; MoO® ; WO3. 

BeO with Cra03; FcgOa. 

CaO with AljOa; Cr^Oa; FegOg ; SiOg; TiOg. 

CdO with CrgOg; Fe^Og. 

CoO with MnOg. 

CrgOj with FegOg ; SiOg; TiOg. 

CuO with AlgOa; CrgOg ; FegOg; MngOa; WO^; ZnO. 

CiigO with CrgOg; MiigOa. 

FegOa with SiOg; TiOg. 

MgO with AlgOg; CrgOg; FegOs; GeOg; SiOj; TiOg; VgOg; WO3. 

NagO with SiOg. 

NiO with AlgOs; FegOg. 

PbO with FcgOa; SiOg 

SrO with FegOg. 

ZnO with AlgOa; CrgOa,' FegOgj SiOg; TiOg; WO3. 

Only in a few cases have systems of salts or organic materials been 
examined with regard to their intermediate states. However, it should 
be pointed out that the investigation of catalysts and of powder metal¬ 
lurgy, noTv in a most important stage of their development, have the 
same scientific interest in regard to the intermediate states.* 

The problem is now one of setting up general rules and laws and, 
if possible, a model on the basis of the large number of obsewations. 
In particular, one can see that at low temperatures (i.e. the initial stages 
of the transformation) only those changes which are a function of the 
surface occur. Only later are changes in the crystal lattice observ^able. 
In addition, it seems feasible to distinguish 6 stages in the life-time of 
an oxide mixture (denoted by the letters (a) to {/) for the system 
ZnO 4- CrgOa; cp. also foot of Fig. 4). 

Stage (a) : This starts almost always with the mixing of oxides at 
room temperature and is slightly changed by a moderate increase of 
temperature. It is mainly distinguished by the mixing which causes 
an intimate surface contact of the two compounds, such that the surface 
available to the larger molecules is considerably reduced. Here the 
main characteristic is a mutual covering of surfaces; we shall term this 
the covering ” stage. 

Stage (6) : This stage is one of activation and is due to the formation 
of -Ztt’ift^r-molecules and to molecular covering of surfaces. The mole¬ 
cules of the mobile component (e.g. CrgOa) diffuse over the surface of the 
less mobile component (e.g. ZnO), covering it with a molecular layer. 
Observations by Roulston ® also indicate the possibility of surface migra¬ 
tion of loosely held particles. The original interpretation of the apparent 

* Cf. e.g. the report of the Symposium held by the Sylvania Electric Pro¬ 
ducts Inc., Ba^^ide, New York, on “ The Physics of Powder Metallurgy ” (Aug., 

1949). 

* Roulston, Proc. Camb. Phil Soc,, 1941, 37t 440. 
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surface migration of atomic groups in reactions in the solid state \%as 
due to Hedvall,® who assumed that it was concerned with sites of energy 
disturbance, which only become appreciably mobile structures at the 
crystal surface. In systems where stage (b) predominates a relatively 
high catalytic activity is to be expected. 

Stage (c) : This comprises a stage of deactivation of the Zwitter - 
molecules and of molecules covering the surfaces. The foreign molecules 
migrating o\'er the surface of the less mobile component finally become 
strongl}" bound and localized. This process can be regarded as similar 
to Taylor’s switch from van der Waals’ adsorption to activated adsorption. 
Thirsk and Whitmore ^ observed film formation and the transition into 
ordered arrangements in the system MgO + FegOa- It was observed 
by Holm ® that coagulation of the oxide film on metals led to structures 
wdth regular geometrical boundaries. In any case a decrease in chemical 
reactivity of the molecules involved occurs in this state and with it a de¬ 
crease in catalytic activity. From the \dewpoint of colloid chemistry" 
we can consider this “ solidification as the protective action associated 
with some protective colloids (Thiesen ®). According to Schenk mole¬ 
cules of AgaS which have migrated on solid ZnS are less reactive than solid 
AgaS.i^ 

Stage (d) : This is a stage of activation due to internal diffusion ; 
as the temperature is further increased, molecules of the mobile oxide 
diffuse into the crystal lattice of the less mobile oxide. The loosening 
necessarily associated with this causes an increase in catalytic activity 
and for the first time the molecules of the less mobile component actually 
contribute to this activity. 

Stage [ e ) : This stage is the formation of less ordered crystalline 
aggregates of the addition compound. 

Stage (/) : Finally there is the filling of the crystal defects. The 
processes occurring in the two latter stages are linked with diminution 
in catalytic actmty. 

It is possible that a part of the action of the mixed catalyst is based 
upon the Hedvall effect through the continuous transformation within 
the rigid system, causing an increase in the catalytic effect. Related to 
this is Schwab's treatment of the existence of “ coupled gas-solid- 
body-catalysis Such an effect has actually been found for the reactions 
BaO -f CUSO4 and BaO -f- ZnSO^. It would be very desirable to extend 
these investigations not only to processes which in the classical sense go 
to completion, but to the more subtle transformations among the inter¬ 
mediate states. 

Of the results obtained by varying the ratio of the two components 
in the mixture, we may note the observation on the ZnO -f FejOs 
system. Here minute amounts of FegOs added to ZnO promote great 
catalytic activity, increased adsorption capacity and increased magnetic 
mass susceptibility. The effect is more marked with smaller than with 
larger concentrations. 

The discussion has so far assumed that the two oxide components 
possess for each other a large affinity which is sufficient for the formation 
of a classical compound. However, this is not always so ; for example, 
BeO -f FejOa do not chemically combine and do not form solid solutions. 

® HedvaU, Chalmers tekn, Hdgskolas Handl., 1942, No. 4. 

Thirsk and tMiitmore, Trans, Faraday Soc,, 1940, 36, S62. 

® Holm, J. Res. Nat. Bur. Stand., 1942, 38, 569. See also Schw^ab, Trans. 
Faraday Soc., I 947 » 43 . ® Thiessen, Kolloid-Z., 1942, lOl, 241. 

Schenck, Chemie, 1943, 56, 279. 

Schwab and Karatzas, J. Physic. Chem., 1948, 52, 1053. 

Cf. the lectures given in the Discussion of the Deutsche Bunsen-gesellscha/i 
on contact catalysis, especially the lecture by R. Fricke which refers to the 
research of RienAcker. 

1® Schwab and Schwab-Agallidis, Kemisk Tidskrift, 1946, 58, 161. 
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In spite of this, changes particularly in catalytic activity, may be observed 
at elevated temperatures. Analogous stages labelled a, h and c, are trav¬ 
ersed as before, after which the process comes to a halt. Thus, in this 
case, the less mobile oxide remains essentially unchanged, while the mobile 
oxide, or part of it, is found in some crystallographic form on the surface 
of the less mobile oxide. In a similar manner, we can explain the specific 
action which a promoter is known to exert on a catalyst (e.g, an oxide). 

Recently attempts have been made to incorporate the phenomena 
of intermediate states into a general theory of chemical kinetics.^* The 
usual definition of reaction velocity, i.e. the amount of reaction products 
formed per unit time, cannot be applied. Instead, one has to replace 
the velocity by the reciprocal of the time t required to reach a charac¬ 
teristic state with certain properties at a given temperature. Where 
different reaction mechanisms are not superimposed we may expect 
Arrhenius' relation to be valid, 

— In T = — qjRT + In ^0- 

Thus, in 1946 Huttig, Ehrenberg and Kittel calculated from some 
results on the system ZnO -|- FcjOa at lower temperatures, where the 
processes are practically determined by surface diffusion, a value 
q[= activation energy) = 30,000 cal. For higher temperatures where 
the diffusion of FejOg into the ZnO lattice is the rate-determining step, 
q = 70,000 cal. 

According to the most recent views ^ it might be permissible to 
identify these values with the activation energy for diffusion of FejOa 
over the surface and diffusion into the interior of the ZnO lattice, 
respectively. "WTiere the intermediate states are compounds which can 
actually be prepared, it follows from isothermal considerations, that 
the last-formed state must be formed at a lower velocity than all the 
previous states. A discussion of the role of q and h^m the velocity of 
formation has been given by Roginski.^® 

A comprehensive description of the theory of mixed catalysts up to 
1943* was given by the author in the Handbook of Catalysis,^^ 

Institute fur Anorg, und Physikal. Chemie, 

der Technischen Hochschule. 

Graz, Rechbauerstrasze 12. 

Hhttig, Z, Elektrochem., 1950, (in press). 

Hnttig, Elirenberg and Kittel, Z. anorg. Chem,, 1936, 228, 112. 
i*Roginski, /. Phys, Chem, Russ,, 1947, 21, 1143. 

Contribution by Hilttig in the Handbook of Catalysis, edited by Schwab. 
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Magnetic methods, in general, reveal the oxidation state and the atomic 
environment of active oxides of the transition group elements. Susceptibility 
isotherms have been determined for all these elements, and their interpreta¬ 
tion falls into three categories : change of exchange interaction, change of 
oxidation state, and intercation covalenc^'. 

There is no obvious relation betw-een magnetic susceptibility and catalyst 
activity. The susceptibility is a tool for the elucidation of structure, which in 
turn, determines activity. Kevertheless, it is not infrequently possible to pre¬ 
dict catalyst activity from susceptibility measurements, especially when these 
are considered together with surface area determinations. 
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These methods are applicable not only to supported oxides but to the same 
oxides in self-supported, or gel-like s3\stcms. 


The susceptibility isotherm method has been shown to yield informa¬ 
tion concerning the structure of supported transition group oxides.^ 
This information includes (a) the oxidation state of the metal ion in the 
supported oxide, (&) the possible existence of overlapping wave-functions 
leading to partial covalent bonds between adjacent positive ions, and 
(^) the “ paramagnetic neighbourhood,'* i.e. the approximate number of 
paramagnetic neighbours possessed by each paramagnetic ion. 

Susceptibilit}' isotherms obtained for the several oxides of the transi¬ 
tion elements, when supported on a diamagnetic high area oxide such as 
y-alumina, fall into several classes, depending on which of the factors 
mentioned above is dominant, or on which combination of factors the 
susceptibility’- depends. Thus, the supported system chromia -f- alumina ® 
gives a typical result in which all the change of susceptibility depends on 
a modified exchange interaction, or paramagnetic neighbourhood. The 
system FegOg -f AI2O3 gives an isotherm the shape of which depends 
both on the paramagnetic neighbourhood, and the existence of inter- 
cationic bonds.® The system consisting of manganese oxide * supported 
on alumina, through moderate temperature ignition of alumina impreg¬ 
nated with manganous nitrate, has an isotherm dependent on change of 
oxidation state, as 'well as change of paramagnetic neighbourhood. 

The purpose of the present paper is to extend these observations to 
supported oxides of vanadium and of ruthenium, and to several other 
systems not previously investigated. The method, in brief, consists of 
preparing oxides on high area supports by methods which are, in general, 
familiar to catalj^tic chemists, and then to measure the magnetic sus¬ 
ceptibility of the product as a function of concentration of the supported 
oxide, and as a function of temperature. 

Experimental 

Magnetic, surface area, and X-ray methods have all been described earlier in 
papers from this Laboratoiy\ Preparation and analy'sis of samples is more 
conveniently described seriatim below. 


Results 

Preparation of Samples.— Vaxadia -r Alumina. —Samples were prepared 
by' impregnation of y-alumina with ammonium metavanadate solutions of vary’-- 
ing concentrations. The alumina had a surface area of 224 ra.®/g. (BET, 
nitrogen). In general, 10 g. of alumina was impregnated with 100 cm.® of 
solution for i hr. The y-ellow samples were then suction-filtered, dried at 
110* C, and reduced in hy'drogen for bo hr. One series was reduced at 800° C, 
another at O50" C. ..Vll samples were analy'zed as follows : the sample was 
dissolved in i/i sulphuric acid, with heating. The solution was titrated with 
X/io potassium permanganate. The sample was then reduced with sulphur 
dioxide, alter which titration vdth permanganate was repeated. The two 
titrations gave, respectively', the average oxidation state and the total vanadium. 

A reduction temperature of 800° C gave samples which contained about 80 % 
of the vanadium in the -j- 3 state ; the 650® reduction gave about 70 % of 
the vanadium in the 3 state. In both cases there was no evidence to suggest 
that the remaining vanadium was in any' state but 4- 4. It may be wondered 
why reduction was not continued until all the vanadium was in the same (-j- 3) 

^ This is the eighth paper on the susceptibility’ isotherm from this Laboratory'. 
The seventh, by Hill and Selwood, appeared in J. Amer, Chem. Soc., 1949,71, 2522. 

* Eischens and Selwood, ibid., 1947, I590- 

® Selwood, Ellis, and Wethington, ibid., 1949, 71, 2181, 

* Selwood, Moore, Ellis, and Wethington, ibid., 1949, 71, 693. 
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oxidation state. But complete reduction to the + 3 state is difficult without 
causing irreversible changes in the alumina support, and in the distribution of 
the vanadia. 

Results on the samples reduced at 800C are shown in Table I and those 
at 650® in Table II. These Tables give the measured susceptibilities at several 


TABLE I— Magnetic Data for Vanvdia + Alumina Series Reduced 

\T Soo*’ C 


% V 


X V 

10* 


A 


J 98 ° K [ 

229*5“ K 

183*9® K 

127 - 5 '’ K 

^*5 

I*I 

1*5 

1*8 

2*3 

80 

3*0 


5b*o 

71*6 

83*0 

103 



3*3 

1*3 

1*7 

2*6 

2*6 

84 

2*8 


48-5 

59*7 

69*7 

87*5 



4*1 

1*6 

2*2 

2*5 

3*1 

90 

2*7 


46-8 

6o*o 

67-4 

84*0 



4*7 

2-1 

2-4 

2*9 

3*6 

84 

2*7 


50*0 

57*« 

69*0 

83-5 



4*9 

2-2 

2*8 

3*2 

4*4 

84 

2*8 


50*1 

6i*9 

71*2 

95*5 



*5*1 

4*2. 4-1, 3*9 

5-3, 4-8, i -6 

5*6, 5*1, 4*9 

6*5, 6*0, 5*8 

210 

3*8 


76*5 

82*5 

85*4 

102 




2*3 

2-7 

3*2 

4*3 

80 

2*8 


49*1 

57*2 

66*6 

87*7 



5*5 

1*9 

2*4 

2*8 

3*7 

90 

2*6 


40*0 

49*0 

56*6 

73*0 



6*7 

2*0 

2*5 

2*9 

3*3 

180 

2*6 


34*0 

41*4 

48*3 

53*6 



8-8 

2*4 

3*J: 

3*3 

3*7 

222 

2*6 


30*7 

38-8 

41*2 

45*7 



9*5 

2*6 

3*0 

3*4 

3*8 

280 

2*7 


30*4 

34-8 

38*9 

43*1 



13*4 

3*2 

3-6 

4*0 

4*4 

340 

2*6 


25*7 

29*0 

31*9 

35*2 




* Sample slightly ferromagnetic. 


TABLE 11.—^Magnetic Data for Vanadia + Alumina Series Reduced 

AT 650° C 




X X 

io« 




O'' V 







'O V 

398® K 

239*5“ K 

183-9® K 

137*5“ K 


fl 

2*5 

0-9 

1*2 

1*5 

2*1 

24 

2-5 


46-5 

58*5 

72*5 

98*2 



3*3 

I*I 

1*4 

1*8 

2*5 

36 

2*4 


41*8 

53*0 

64*4 

85*4 



4*1 

1*4 

1*8 

2*1 

2*7 

76 

2*5 


40*4 ^ 

51*5 

57*8 

73*1 



*4*9 

1*7 { 

2-44. 2*42, 

2-39 

3*09, 2*98, 
2*97 

3*84, 3*70, 
3*72 

}84 

2*7 


41*7 

53*0 

56*0 

67-8 



*5-1 

4*2. 4*L 3*9 

5*3. 4*8. 4*6 

5*6, 5’L 4*9 

6*5. 6*0, 5*8 

210 

3*8 


76*5 

82.5 

86*4 

102 


5*2 

1*9 

2*5 

3-0 

3*9 

90 

2*7 


42*0 

54*5 

63-1 

8o*o 



5*7 

1*7 

2*3 

2*7 

3*6 

90 

2*4 


35*2 

45*6 

52*6 

66*6 




‘ Sample slightly ferromagnetic. 
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temperatures, the calculated susceptibilities per gram of vanadium, the WeibS 
constant in ®C, and the magnetic moment in Bohr magnetons. For instance, 
the sample contaming 2-5 % vanadium had a susceptibility at 25° C of i*i X io“* 
per gram. The susceptibility per gram of vanadium was then 56 x io‘«. 
The reciprocal susceptibilities thus obtained gave a straight line when plotted 
against temperature. From this plot the Weiss constant is found, and the 
moment is then given by % 

^ = 2-S4Vxj^(r + A). 

Normally, the magnetic susceptibility is independent of field strength, 
although measurements are invariably made at several fields. In a few cases 
the vanadia + alumina samples exhibited a slight field strength dependence of 
susceptibility. 'SMiere found, this is indicated in the Tables by including 
measured susceptibilities at 3630, 4710, and 5450 oersteds, in that order. In 
such cases the susceptibility per gram of vanadium has been calculated by first 
extrapolating the measured susceptibilities to zero reciprocal field. But this 
dubious procedure is further discussed below. 



Fig. I. —Susceptibihty isotherms for vanadia - 1 - alumina. 


Susceptibility isotherms are shown in Fig. i for the 800° C reduction vanadia -}- 
alumina series. Chemical analyses for oxidation state, which are not very 
accurate, are as follows. For the 650° reduction series the average oxidation 
state w^as independent of concentration (at 70 %V +®) except in the region, 
referred to below, of the peculiar peak in the susceptibility isotherm. In the 
region of this peak the average oxidation state w'as 66 %V+®. For the 800° 
reduction series the average oxidation state was also independent of concentra¬ 
tion (at 80 %V-^®) except in the region of the peak where it was again <^6%V+® 
Vanadia + Rutile. —Samples were prepared by the ignition of high area 
rutile with ammonium metavanadate solutions of varying concentrations. In 
general, 10 g. samples of rutile were soaked for one hour in 100 cm.® of solution. 
H 
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The samples were then filtered with suction, dried at ioo° C and reduced in 
hydrogen at 350° C for 18 hr. This reduction temperature was found to yield 
products containing about 95 % V+* and 5 % V*«^. Lower reduction temper¬ 
atures did not give consistent results. It will be noted that the high concentra¬ 
tion of V+* found does not constitute evidence for valency inductivity because 
more V-*-® could be obtained by raising the reduction temperature. 

Analyses were performed as described for the vanadia + alumina series. 

The data obtained are sho’wm in Table III and Fig. 2. A few attempts were 
made to obtain higher total vanadium concentrations in the vanadia + rutile 

TABLE III,— ^IilAGNETic Data for Vanadia -f Rutile Series 



Fig. 2.—Susceptibility isotherms for vanadia -f- rutile. 


series. But these gave erratic results, as was not unexpected in view of the 
strong dependence of susceptibility on the vanadium/oxygen ratio in this range,, 
as report^ by Hoschek and Klemm,® 

® Hoschek and Klemm, Z, anorg, Ckem., 1939, 243, 63. 
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CIhromia + Rutile.—This supported oxide system was investigated to see 
if an}' valency inductivity occurred. It was realized that, because of the easy 
oxidation to chromate, the results might be difficult to interpret. 

Samples of high-area rutile were impregnated with chromium nitrate solu¬ 
tions ot several concentrations. The impregnated samples were filtered, dried 
at 110° C, and then ignited for 4 hr. at 200-250°, except as noted below. The 
resultmg samples ranged from yellow-brown to dark brown as the chromium 
concentration increased. They were analyzed by fusion with sodium peroxide. 
The mixture was dissolved and filtered from some hydrous titania, neutralized 
and boiled to destroy excess peroxide, acidified and titrated with permanganate 
after the addition of excess ferrous ammonium sulphate. 

The magnetic susceptibilities first obtained showed the surprising result of 
an isotherm which turned up with increasing chromium concentration. The 
reason for this was obviously because the lower chromium concentrations con¬ 
tained mcreasing proportions of chromate, which is diamagnetic. It was found 
that somewhat simil^ results could be obtained by impregnating y-alumina 
with chromium nitrate, and igniting, but omitting the usual reduction step. 

Chromia-rutile samples were prepared through an ignition step at 165° C 
for 7 days. These samples were then leached with water until the washings 
showed no trace of chromate. Two of the resulting samples contained 5*6 % 
and 2*6 % of chromium. Some of the preparations showed a slight trace of 
ferromagnetism, which was not unexpected in view of the well-known occurrence 
of ferromagnetism in some intermediate oxide of chromium. 

The magnetic susceptibilities of these two samples indicated gave moments 
as foUows : for the 5*6 % sample, /i = 3*8, A = — 28° ; for the 2*6 % sample, 
/! = 2*8, A = — 27°. These results seem to indicate that the 5-6 % sample 
had all its chromium in the -f- 3 state, and that the 2*6 % sample had all its 
chromium in the -|- 4 state. 

Copper Oxide -f Magnesia.—The system copper oxide -f- alumina had 
already been studied in this Laboratory. It was thought worth while to pre¬ 
pare one sample of copper oxide on each of the two supports, magnesia and 
rutile. 

A solution of copper nitrate was used for the impregnation of high-area 
magnesia. The samples were filtered, dried and ignited at 190° C for 60 hr. 
The black sample was analyzed by solution in nitric acid, followed by con¬ 
version to the sulphate, and electrolysis. It contained 21*7 % copper. The 
magnetic susceptibilities were as follows : 

Temperature . . . 229° K 184° K 127-5° K 

X X lo* per g. sample . • 3-9 4*8 6-4 

X X io« per g. Cu . . . 19-4 23-5 30-9 

From these data the magnetic moment was found to be i-6 and the Weiss 
constant 40° 

Copper Oxide + Rutile.—Preparation and analysis were similar to those 
descnbed above. The sample contained 2-9 % copper, and was green. Magnetic 
results were as follows : 

Temperature . . . 229° K 184° K. 127-5° K 

XX I o« per g. sample . . i-i 1-2 1-5 

X X IG« per g. Cu . . . 31-0 38-0 51-7 

These data give a moment of 2 and a Weiss constant of about 26°. The data 
are less accurate than usual because of the low concentration and the presence 
of only one unpaired electron per Cu+® ion. 

Ruthenia -}- Alumina.—Choice of a solution suitable for use in the im¬ 
pregnation step IS somewhat more complicated for ruthenium than for other 
elements studied. Ammonium chlororuthenate, the sulphate, and the chloride 
were each used. Effective impregnation was achieved only with the chloride, 
as follows. The metal was fused with sodium hydroxide and sodium peroxide, 
the fusion mixture was dissolved in hot water, unreacted metal was removed 
by filtration, and hydrous ruthenium dioxide was precipitated by digestion 
after addition of alcohol. The washed oxide was then dissolved in cone. HCl. 

After impregnation on high-area alumina the samples were ignited at several 
temperatures from 400° to 660° C. Analyses of the samples, which proved 
difficult, was achieved by dissolving the samples in i/i sulphuric acid, followed 
by precipitation of the ruthenium at a controlled pH = 5. The ruthenium 
was finally weighed as metal, after reduction. 

Samples were thus prepared ranging in ruthenium content from about 2 
to about 17 %. Magnetic measurements were made at room temperature and 
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at — 150° C, but in all cases the samples proved to be diamagnetic with a sus¬ 
ceptibility indistinguishable from that of the pure support. 

Silica-supported Samples —Almost all the work previously reported has 
involved alumina or titania as the diamagnetic support. Some measurements 
were made on silica-supported samples.® There seemed no justification for an 
extensive series for any of these systems, but a few representative samples were 
made for copper, nickel, chromium, and iron oxides, all prepared through an 
impregnation on silica. 

Two batches of silica were prepared. The first, silica I, was obtained by 
hydrolysis of dilute sodium silicate solution with 10 % HCl. The susceptibility 
was 0*2 X 10"®, approximately independent of temperature. The second 
batch of silica, silica 11, was obtained by the hydrolysis of ethyl orthosilicate 
in alcohol with the addition of water and a little HCl. The surface area was 
845 m.®/g., and the susceptibility — 0*3 X 10-®. 

A pale green sample of copper oxide on silica II, prepared and analyzed in 
the usual way, contained 7*9 % copper. The copper was found to possess a 
magnetic moment of 1-9, and the Weiss constant was 30°. A black sample of 
nickel oxide on silica II, similarly prepared and an^yzed, contained 4*3 % 
nickel and showed a moment of 2-0 and Weiss constant of 26°. Another sample 
contained 4-4 % nickel, = 2*1, A = 26°. A sample of silica II supported 
chromia prepared by impregnation with chromic acid solution, followed by 
ignition and reduction contained 9*5 % chromium. The moment was 3*7 and 
the Weiss constant 190®. 

A sample of iron oxide supported on silica I was prepared by imprecation 
with concentrated ferrous ammonium nitrate solution. The deep red ignited 
sample showed no measureable ferromagnetism. Three samples similarly 
prepared on silica II showed a slight ferromagnetism. The data for these four 
samples of supported iron oxide are shown in Table IV. 

TABLE IV 


% Fe 

Susceptibility x io« 

A 

f* 

300® K 

23® K 

184® K 

128® K 

3-2 

2*9 

3*9 

4*6 

6»o 

70 

4*2 


100 

130 

150 

200 



i-i / 

1-03, 1*13, 

1*82, 1*76, 

2*12, 2-26, 

3-08, 2-95, 




I-IO* 

i*8o 

2-19 

2-83 

j-50 

4*9 


127 

191 

228 

300 



2*0 

— 

3*8*1, 3*77» 

4-57. 4-55. 

6*55, 6*40, 

50 

4*9 



3*70 

4-55 

6-24 





195 

230 

300 



2-5 -T 
25 

3-89,3-76, 

6*33, 6*22, 

7-35. 7-i6, 

10-30, 9-90. 

P 100 

6-0 


3'74* 

6 *08 

7'io 

9*55 

J 



156 

244 

286 

356 




♦ These susceptibilities obtained at 3630, 4710, and 5450, respectively. The 
susceptibilities per g. of iron were found by extrapolation to zero reciprocal field. 


The above data are given in some detail because they illustrate an im¬ 
portant point which is often overlooked in magnetochemical studies. 

Electron Microscope InvestiCl^o^*—^Magnetic susceptibility data on 
supported oxides give a clear indication that exchange effects persist to quite 
low cqncctrations. The surface areas show that at these low concentrations 
there is insufficient supported oxide to cover the support by any continuous 
aggregation. It was concluded early in this work that the supported oxides 
must be aggregated into microcrystals which are separated from each other by 
large areas of bare support. 

One picture of rhe surface which is consistent with the view expressed, is 
that the surface consists of large uncovered areas with rather regular aggregations 
of supported oxide in somewhat the way that mesas appear on a desert. If 

® Selwood, /. Amer, Chem, Soc,, 1948, 70, 883. 
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this view were correct, then it might be possible to obtain electron microscope 
pictures of these aggregates. An electron microscope study of several supported 
chromia + alumina samples failed to yield any indication of such structures. 
A similar study on uranium dioxide supported on alumina likewise gave negative 
results. 


Discussion 


Interpretation of New Data.—^All the new magnetic data fall into 
patterns previously established for other supported oxide systems. The 
vanadia + alumina susceptibility isotherms are much like those pre¬ 
viously reported for chromia -f iumina, and for several other supported 
oxide "systems. Valency inductivity plays no part in this s^’stem. There 
is one major difference, however, and that is the astonishing peak shown 
at about 5 % vanadium. This peak is related to an apparent increase of, 
moment, but, as will be pointed out below, this effect is probably spurious. 
The peak is almost certainly due to a trace of ferromagnetic component, 
or at least to the great increase of susceptibility reported by Hoschek 
and Klemm ® for the stoichiometric ratio VOi. ^1, which corresponds to 
the formula VgOj, near which the peak occurs. Absence of the peak 
for the vanadia + rutile system is doubtless due to the high con¬ 
centration, which makes it difi&cult for the system to revert to V3O5. 
Otherwise the isotherm is the normal chromia + alumina type. 

The system chromia + rutile seems to show evidence of valency 
inductivity, which puts it somewhat in the class of manganese oxide 
supported on alumina (as prepared by low-temperature ignition).* Copper 
oxide supported on magnesia and on rutile gives a normal moment and a 
normal degree of dispersion. The situation is not unlike that previously 
reported for copper oxide on alumina.’ Ruthenia -j- alumina is an 
addition to the small group consisting of supported oxides of molybdenum 
and of rhenium which give zero moment. If our interpretation is correct, 
this means that valency bonds between adjacent rutheniums are such 
that the moment is quenched entirely. 

The several oxides supported on silica appear to offer no feature not 
previously encountered. Copper, nickel and chromium give moments 
and dispersions almost exactly similar to those found for the same oxides 
on alumina. Iron oxide gives the same rather low moment as found on 
alumina, but this is not true if the sample shows some ferromagnetism. 

It appears from these results that the main observational character¬ 
istics of the susceptibility isotherm, as a tool in catalyst research, have 
now been found. Some details of interpretation await further develop¬ 
ment. This is especially true of the need for a more quantitative inter¬ 
pretation of the relation between moment, Weiss constant, and structure. 

It may be worth while to summarize the several cases in which valency 
inductivity does or does not appear. The cases reported from this 
Laboratory are as follows. 

Valence Inductivtity 


Found 

Chromia + titania 
Manganese -j- alumina 
Iron -[- titania 
Nickel alumina 
Nickel -1- titania 


Not found 
Vanadia + alumina 
Vanadia -|- titania 
Copper -1- alumina 
Copper 4 - titania 
Silver -f alumina. 


These results suggest that the effect will not be found if the radius of the 
supported ion (in its induced form) differs from that of the corresponding 
diamagnetic ion in the support by more than about 30 %. 


’ Selwood and Dallas, /. Amer, Chem. Soc,, 1948, 70, 2145. 
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We shall conclude this section with a remark concerning the failure 
of electron microscopy to show any aggregates of the supported oxides. 
It may be that the precise conditions for viewing the aggregates have not 
yet been obtained. But it will be noted that the magnetic and surface 
area data do not require any particular shape for the aggregates. It is 
possible that the supported oxides are present as long fibres, only a few 
atoms thick. This view is that commonly held for the structure of so-called 
hydrous oxides, to which class several of the supporting oxides undoubtedly 
belong. 

The Ferromagnetic Correction,—^Attention is drawn to the high 
apparent susceptibilities and moments in each case (e.g. vanadia -f- alu¬ 
mina, iron oxide + silica) in which a trace of ferromagnetism was present. 
Traces of ferromagnetism are often present in inorganic solids; it is 
particularly common to find them in solids containing iron. Such sub¬ 
stances may contain magnetite or y-iron sesquioxide in proportions not 
over a few parts per million, but this is more than enough to give a 
measureable dependence of susceptibility on field strength. Our policy 
in all this work on solid oxides has been to make measurements at three 
fields, so that a trace of ferromagnetism would be detected. The im¬ 
portance of this procedure cannot be over-emphasized. But it has also 
been our policy to reject samples in which such ferromagnetism is found, 
unless, as for vanadia -f alumina, the occurrence of the ferromagnetism 
is of primary interest for its own sake. 

A procedure commonly used for samples containing traces of ferro¬ 
magnetism has been to plot the apparent susceptibilities as a function of 
reciprocal field strength, and to extrapolate to i /iif = o for the true 
susceptibility. This procedure seems to give reliable results if all the 
sample at all times during the measurement is maintained in a saturating 
field. For spherical particles the demagnetization factor is so large, 
that the field must apparently be at least 7000 oersteds. The Faraday 
method for susceptibility measurement generally fulfils this condition. 
But the Gouy method suffers from the major systematic error that part 
of the sample is in a field which is far from saturating, indeed it may be 
near zero. This difficulty has been pointed out by Knappwost,®* * but 
it has not received adequate attention. The presence of a trace of ferro¬ 
magnetism in samples measured by the Gouy method will definitely lead 
to erroneous and very high apparent susceptibilities, even though the usual 
correction procedure is employed. The apparent high moments reported 
for certain concentrations of vanadia + alumina, and for one sample of 
iron oxide -j- silica should be ignored. They are included to draw atten¬ 
tion to this frequently overlooked source of error. 

This work was done under contract with the Office of Naval Research. 

Department of Chemistry, 

Northwestern University, 

Evanston, Illinois, U,S.A. 


* Knappwost, Z, physik, Chem. A, 1941, 188, 246. 

• Knappwost, tbid. A, 1942, 191, 261. 
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An experimental technique is outlined for following continuously with a 
mass spectrometer ^®0 exchange between solid oxides and oxygen gas. Pre¬ 
liminary results are presented and discussed for thorium and chromic oxides. 
The apparent activation energy for oxygen exchange is 27 ± 0*5 kcal./mole 
for thorium oxide between 440° and 540® C. With chromic oxide two processes 
are operative, one at temperatures bdow 410° C with an activation energy of 
29*5 ±0*5 kcal./mole and one above 410® C with an activation energy of i ± 4 
kcal./mole. The high activation energy is ascribed tentatively to a limiting 
process governed by the rate of desorption of oxygen from the oxide surface. 
The low activation energy is believed to be associated with the true exchange 
reaction. The kinetics of these two limiting cases are discussed. 


As is well known, considerable progress has been made in the investiga¬ 
tion and understanding of some heterogeneous reactions by the employ¬ 
ment of the isotopes of hydrogen and of ortho- and para-hydrogen.^ 
Recently the carbon isotopes have been used to study the transformations 
of certain organic compounds upon catalyst surfaces,® while Joris and 
Taylor ® have investigated some aspects of ammonia s3mthesis, using 
upon iron and tungsten catal3rsts. These and other investigations 
have shown that many catalytic reactions involve dissociative adsorption 
of the reactants and it is clearly of interest to determine to what extent 
such a step is important in other heterogeneous catalytic reactions. 

Suitable reactions for such a study include oxidations taking place 
upon oxide surfaces, since if dissociative adsoiption does occur it is very 
likely to involve some exchange of oxygen between the reactants and the 
surface of the oxide. Such exchange could be detected and followed by 
use of the isotopes of oxygen. Similar exchange might be found in the 
decompositions and transformations of oxygen-containing organic com¬ 
pounds upon solid oxides. In general we would expect a detailed study of 
oxygen exchange to give useful information upon the nature and reactivity 
of oxide surfaces and upon heterogeneous reactions. This paper presents 
some preliminary observations upon the exchange of between gaseous 
oxygen and certain solid oxides. 

Experimental 

The reaction system is shown in Fig. i.* T is a cold finger designed to 
prevent any condensible impurities from reaching the mass spectrometer. During 
the present work it was not found necessary to use this trap, and after a few 
experiments it was discarded. A weighed amount of the oxide was placed in 
the bulb R (capacity about 85 ml.) and outgassed overnight (io-« to 10-® mm. 
Hg) at a suitable temperature. The furnace temperature was then rapidly ad¬ 
justed to that at which the exchange reaction was to be studied and showed to 

^Eley, Advances in Catalysis (Academic Press Inc., 1948), p. 157; Quart, 
Rev,, 1949, 3, 209. 

* Beeck, Otros, Stevenson and Wagner, J, Chem. Physics, 1948, 16, 255. 

® Joris and Taylor, ibid,, 1939, 7, 893. 

♦ Reproduced by courtesy of the Editors of the J, Chem, Soc, 
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reach constant conditions over 1J-2 hr. The enriched oxygen gas was intro¬ 
duced in known amount through T, and a ver^’ small quantity of the gas 
(< io~® gjhr.) continuously bled off through the capillary leak L into the 
ionization region of the mass spectrometer. A record was taken of the change 
with time of the content of the gas. The apparatus is described more fully 
elsewhere ; * the method has been used by Urey and Brandner ® who discuss 
in sufficient detail the errors inherent in the use of a mass spectrometer in this 
fashion to obtain kinetic data. The results are quoted as velocity constants 
calculated in nun.-^. The mass spectrometer is a Nier-type 60° sector instru¬ 
ment ; the masses were brought into focus by voltage scanning. 


io nass 
spectromfer 
/<?/; source 



The oxides used were : a sample of thorium oxide of ordinary reagent grade 
and unknown history; chromic oxide prepared by the method given by Anderson 
et al. ; « magnesium oxide prepared by heating the carbonate in air to about 
850® C. The chromium and magnesium oxides were of a.r. quality. The 
enriched oxygen contained in general 1*2 to 1*3 % i®0, although a sample con¬ 
taining about I % was us^ for some experiments. 

Kinetics of the Exchange Reaction.—^We have shown elsewhere ’ that 
the exchange consists of two processes occurring with different speeds, and 
that it is possible to separate the fast reaction from the slower. We are here 
concerned only with the former, which we consider to be exchange between the 
gas and oxyrgen ions lying in the surface of the oxide. The slow reaction, which 
has been found to continue at approximately constant rate through at least 
five ionic layers, we believe to be a measure of the rate of diffusion of oxygen 
through the solid lattice. An investigation of this reaction is proceeding. 

The surface exchange reaction has been found for all oxides so far examined 
to be kinetically first order with respect to residual content in the gas, i.e. 
we may define the experimental rate constant, by the equation 

— da/d< = — aoo)» . • • • (i) 

where a is the atom fraction of in the gas at time t and that at the end of 
the surface exchange. We may regard the exchange as being represented by 
the equilibrium 

5 - 1 - 

h_i 

where Q, and refer to the reacting species from the solid and gas respectively. 
A plausible assumption, which we make use of here, is that refers to chemi¬ 
sorbed, most probably mobile, oxygen atoms, and O, to oxygen ions in the 
oxide surface. There is no evidence as to what proportion of the surface oxygen 

* Winter, J, Chem. Soc., 1950 (in press). 

® Brandner and Urey, /. Chem. Physics, 1945, 13, 351. 

® Bevan, Shelton and Anderson, J. Chem. Soc., 1948, 1729. 

^ Houghton and Winter, Nature, 1949, 164, 1130. 
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ions is active in this connection and indeed the proportion probably depends 
upon the temperature of the exchange reaction and upon the thermal history 
of the oxide specimen. Extended speculation upon the details of the exchange 
mechanism is not profitable as yet since correlation is first needed with other 
experimental figures, notably with the heats and rates of adsorption and de¬ 
sorption of oxygen at the temperatures involved, and with studies of semi¬ 
conductivity such as those of Anderson et al.^ and Gamer et a/.® Nevertheless, 
the preliminary results so far obtained do indicate the power of this method of 
approach to the problems of catalysis and of gas-solid interaction, and 
emphasize the need for other experimental work so that a proper interpretation 
can be made of the present observations. 

We can divide the process with some certainty into three stages : (a) chemi¬ 
sorption of oxygen, (6) exchange with the oxide siirface, (c) desorption of oxygen ; 
(a) probably involves the formation of atoms and, (c) conversely, their desorption 
as molecules. Any of these stages may be rate-determining. We can find no 
published data which would enable us to decide between (a) and (c) as rate¬ 
determining processes and experimental work is therefore proceeding along these 
lines in these laboratories. Preliminary results indicate that chemisorption of 
oxygen is, for chromium and magnesium oxides, and at our temperatures, 
much more rapid than the observed rates of exchange ; we therefore examine 
here the cases which arise when (b) or (c) are rate-determining. 

Case (i). Exchange Reaction Rate-determining. —In addition to the 
notation already introduced we use the following : 

olq = the initial content of the gas ; 

pQ = initial content of the exchangeable portion of the oxide surface 
(assumed to be the normal ^®0 abundance) ; 

p = the corresponding content at time t from the start of the reaction ; 

Poo = the value of p at the completion of the surface exchange (the a and j 3 
terms being expressed as atom fractions of ^®0) ; 

= number of exchangeable oxygen ions in the oxide surface/g. of oxide, 
(i.e. of the species O,); 

ze; wt. of oxide used in g.; 

ng = quantity of oxygen gas (expressed as the number of atoms) in the 
gas phie in the reaction system (including the amount involved in 
the Cg term) ; 

Cg = concentration of the species O, in the reaction zone, expressed here 
as a number of atoms/g. of oxide. 

We may then viTite the velocity of the exchange reaction, given as the number 
of atoms undergoing exchange in the reaction s^^tem in unit time, as 


V = — dccldt = fighg (a — aoo).(2) 

= {Cg)oL(i - P) — (Cg) (i - a)P ; 


we may also put with sufficient accuracy for our purpose 

ki == 

so that 


V = k ^ w { ng ){ Cg ) (a - )5), 

Now at any time during the reaction 

• 

• ( 3 ) 

(tto - a)ng = wng(p - Pg ), 

'while at the end of the reaction 

• 

• (4) 

(tto - aoo)w^ = ze'WaOoo - • 

and since w-e have put A, = A_i, 

• 

• (5) 

“oo = i^ao- 

Eqn. (2)-{6) give us 

• 

• • (6) 


• 

• • (7) 


Case (2). Desorption Rate-determining. —^The kinetic law governing the 
desorption is not known although it seems probable from the worker of Gamer, 
Gray and Stone ® (cf. also Goodeve and Jack ®) that it will be second order, 
being governed by the speed of recombination of the atoms at the surface : 

O -f* O O2, 


* Gamer, Gray and Stone, Proc. Roy. Soc. A, 1949, 197, 294. Gray, ibid. 
1949. 197fSH- ® Goodeve and Jack, Faraday Soc. Discussions, 1948,4,82. 
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If this is the case the rate of desorption, expressed as atoms in unit time, is 

i;' = k,w{Ca)^ .(8) 

or in general if the desorption depends upon the nth. power of the concentration 
of chenusorbed atoms, 

v' = Aste;(C,)“.(9) 

where and are velocit3’' constants. 

We can then A\rite 

«,*.(« - = Aa“'(C',)*(a - ^) . . . (10) 

which, using eqn. (4)-(6), gives 

*"* - .(..) 

The proper use of eqn. (7) and (ii) depends upon determmation of Cg ; 
this is being attempted by adsorption measurements, making the assumption 
that Cg will at least be proportional to the quantity of chemisorbed oxygen/g. 
of oxide. 


Results and Discussion 


The results are expressed as values of ^o> where 


^0 - ^6 


( 


«« — 


(12) 


The reasons for this method of presentation are given below. 

Eqn. (7) and (ii) involve two quantities, namely Cg and fig, of which 
the former is difficult to measure. Both would be expected to depend 
upon the previous thermal history of the oxide ; thus heating to a high 
temperature, in air or in vacuo, will produce sintering which will reduce 
the number of active sites in unit area of the surface and so lower both 
Cg and Whether Cg and Ug are associated with the same active sites 
is not at present determinable. Similarly, different times and tem¬ 
peratures of outgassing will leave on the surface var3dng amounts of any 
strongly adsorb^ impurities, which again could lead to changes in fig 
and Cg, In the latter connection it is regrettable that the present experi¬ 
mental technique does not permit the use of films of oxide formed in 
situ in an all-glass apparatus by oxidation of metal fflms, such as have 
been used by Gamer, Gray and Stone.® This is because at least 10®® 
atoms of exchangeable surface oxygen atoms are needed, and this number 
of atoms will (as close-packed ions of radius 1*4 A) occupy an area of 
about 8 m.® In what follows we discuss the rate of oxygen exchange 
making allowance for probable or known changes in and Cg. 

(a) Varlatioii of Exchangeable Surface (««) with Temperature.— 
With thorium oxide (as the results of Table I reveal) (cf. also y-alumina *), 
there was no significant variation of w., calculated from eqn. (5), over 
the temperature range studied, viz., 446° to 535® C (y-alumina 400^-592° C). 
There was no alteration in determined at a fixed temperature, when 
the temperature of outgassing of these two cxides (normally 590° C in 
both cases) was lowered by 75® C. 

Chromium oxide showed greater lability, as is seen from Table I, 
referring to experiments in which 18-20 hr. outgassing was given. 
Allowing for experimental error it is evident that fig remains independent 
of the reaction temperature over the range 323® to 527® C; a sharp de¬ 
crease in fig occurs when the outgassing temperature is increased from 
567® to 600® C, whereas between 387® and 567® C, is independent of 
outgassing temperature. This change in w, is unlikely to be due to alter¬ 
ation in the amount of chemisorbed normal oxygen remaining on the 
oxide at the end of the outgassing since when the chromium oxide was 
outgassed for only hr. at 495® C, it gave a value of 1-9 x io=® for n,. 
If, as seems very probable, refers to highly reactive centres on the 
oxide surface, this drop in will be paraUeled by a drop in catalytic 
activity and determinations of n, should provide a sensitive test of the onset 
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of sintering. Similar, but more extensive, changes of have been found 
with magnesium oxide. 

TABLE I 


Oxide 

Temp. ® C 

Ug X 10-*® 

atoms/g. 

Outgassing 

Exchange 

Reaction 

Cr 208 

387 

386 

1-98 


455 

323 

1*94 


455 

345 

1*92 


455 

365 

2*00 


455 

391 

1*73 


455 

410 

1*99 


455 

441 

2-04 


537 

527 

2*20 


567 

345 

1-92 


600 

367 

1-28 


600 

374 

1-58 

ThOj 

590 

445 

5*8 


590 

472 

6*1 


590 

502 

5-9 


590 

535 

6-4 


(b) Dependence of Rate of Exchange upon Oxygen Pressure.—In¬ 
sufficient work has yet been done to determine properly this relationship ; 
the range of experimental conditions is limited by the difficulty of making 
capillary leaks which will work satisfactorily at high pressures, and by 
the need to adjust the oxygen/oxide ratio in the reaction system so that 
neither (a© — a^o) nor (a^ — /Sq) are too small. The latter restriction 
has been imposed hitherto by difficulties in “O analysis and will eventu¬ 
ally be removed by the use of greater enrichments of “O. We have 
already reported ^ that values of for magnesium and chromium oxides 
are independent of the oxy^gen gas pressure in the reaction system ; this 
is also approximately true for y-alumina.* The figures given in Table II 
show that ^0 (eqn. (12)) increases with oxygen pressure for magnesium 
oxide (cf. also y-alumina where a similar efiEect is observed but is ap¬ 
proximately constant for chromic oxide; this probably means that, at 
least for the first two oxides, is still increasing over the pressure range 
used. It should be noted that these experiments upon pressure-depend¬ 
ence were performed before it was found that there are two possible limit¬ 
ing processes (cf. {d) below) ; the figures for magnesium oxide refer to 
the region of low activation energy, and those for chromium (and 
aluminium) oxide to that of high activation energy. We do not con¬ 
sider the independence of and oxygen pressure previously reported ^ 
and shown in Table II to have any significance. 

TABLE II 


Oxide 

P0» (nun- Hg.) 


*0 

Temp. * C 

Reaction 

Outgassing 

MgO 

40-7 

0*028 

0*0124 

491 

510 


79*7 

0*029 

0’0i6i 

491 

510 


83*5 

0*029 

0*0170 

493 

510 

Cr, 0 , 

69*5 

0*037 

0*023 

386 

387 


139*4 

0*035 

0*022 

385 

387 


Houghton and Winter (in course of publication). 
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(c) Influence of Outgassing Temperature upon Reaction Velocity. 

—^The figures inset against the experimental points in Fig. 2 are the tem¬ 
peratures of outgassing in °C. With the exception of the points for 387® C 
outgassing, which are those given in Table II, and the two points lor 
600® C outgassing which are discussed in the next section, all the runs 
were performed at oxygen pressures between 5*7 and 6*4 cm. Hg so that 
the effect of pressure may be disregarded (cf. below). It is seen that Aq 
increases slight^ as the outgassing temperature is raised from 387® to 
455° C, but that a further increase to 567° C has no effect (cf. below for 
discussion of the effect of outgassing at 600® C). We may remark that 
y-alumina also appears to be relatively insensitive to outgassing tem¬ 
perature,* but that the sample of magnesium oxide used by us is very 
sensitive.^® 



(d) Temperature Coefficient of the Velocity of Exchange.—The 
results plotted in Fig. 2 clearly indicate that there are two limiting 
processes for exchange with chromium oxide; only one has so far been 
found with thorium (and aluminium *) oxide, but an extensive examin¬ 
ation of magnesium oxide has demonstrated the presence of two pro¬ 
cesses here also, with activation energies very similar to those for chromium 
oxide. The activation energy for thorium oxide obtained from Fig. 2 
is 27 ±0*5 kcal./mole., while for chromium oxide the two values are 
29*5 ± 0‘5 and i ± 4 kcal./mole. The large error estimated for the 
last figure is due to the rapidity of the exchange reaction in this temper¬ 
ature range. In the absence of experimental data from other methods 
of approach we tentatively assign the lower activation energy for 
chromium oxide to the exchange reaction proper and the higher activation 
energy to the desorption of oxygen from the oxide surface. This is 
done on the grounds that {a) by analogy with somewhat similar systems 
the energy of activation for the desorption of chemisorbed oxygen is 
is likely to be moderately high; (6) the exchange reaction involves the 
switch of electrons between two very similar nuclei, in similar but not 
identical environments, and is likely to need a smaller activation energy 
than {a). Work upon the adsorption and desorption of oxygen is in pro¬ 
gress, together with an examination of the influence of lattice defects upon 
the initial exchange velocity. 

If the above interpretation of the results is correct, then the rate con¬ 
stants in the region of low activation energy should be plotted using 
eqn, (7), but those obtained in the region of high activation energy should 
be expressed in terms of eqn. (ii). In practice eqn. (12) has &en used 
throughout. However, with thorium oxide the four experiments were 
performed at oxygen pressures between 6*5 and 7*0 cm. Hg, so that 
will not vary appreciably, assuming other conditions are fixed, unless it 
is very sharply dependent upon oxygen pressure. The latter seems un¬ 
likely since Cg must be closely related to the quantity of oxygen adsorbed 
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under tlie conditions of the reaction, and preliminary observ'ations of 
oxygen adsorption do not reveal a strong pressure dependence. Also, 
the values of w, obtained in the thorium oxide experiments remained 
sensibly constant (Table I) so that under these conditions and assumptions 
eqn. (ii) reduces to eqn. (12). 

Considering the results for chromium oxide, excluding for the moment 
the four runs involving 387® and 600° C outgassing, we note from Table I 
that ng remains approximately constant for all the experiments. Since 
these experiments were performed at oxygen pressures lying between 
5*8 and 6*4 cm. Hg, while for this oxide (in the region of high activation 
energy) shows no variation with oxygen pressure, it is evident that on 
the above argument both eqn. (7) and (ii) reduce to eqn. (12). Now, 
both and Cg are measures of the chemical reactivity of the oxide surface, 
and it is reasonable to assume that = f{Cg ); we will also assume that 
if w, is unchanged by a change in outgassing conditions, then Cg, referred 
to a fixed temperature of reaction, is also unaltered. If this is true the 
reason for the tw^o results for 387® C outgassing falling below the rest of 
the results in Fig. 3 is that the value of (n)) is lo-wer, and con¬ 

versely A3 is constant (at a fixed temperature) for outgassing temperatures 
between 455® and 567® C. Referring now to the two results for 600® C 
outgassing, we see that although w, has fallen appreciably, the points 
(plotted according to eqn, (12)) lie entirely in accord with the others, 
^suming that has not changed (at constant reaction temperature) 
we see from eqn. (ii) and (12) that this agreement will occur if 

(C,)" CO n. 

This argument is, however, open to criticism since we have no direct 
knowledge of and it is quite possible that this does change when sintering 
sets in. 

The above discussion shows that a considerable amount of further 
work is necessary upon oxygen exchange and more particularly upon the 
adsorption and desorption of oxygen upon these oxides before an unam¬ 
biguous interpretation of the results, and an evaluation of and ^3 is 
possible. This will then permit the measurement of the activation energies 
associated with the two limiting processes, since those quoted here are 
affected to an unknown extent by the variation of Cg with temperature. 
It is pleasing that this investigation completely confirms the vie'ws of 
Anderson «• that at temperatures below about r„/2 only the surface of 
these solids reacts with the gas phase, the exchange with underlying oxygen 
ions being very low. In this connection it is interesting to note that the 
inflection point in the activation energy” plot for chromic oxide (Fig. 2) 
is about 410® C, a figure in good agreement with that obser^^ed by Anderson 
et al^ from conductmty measurements upon sintered discs of chromic 
oxide. Anderson made no comment upon the inflection points he found 
for several oxides and spinels in his plots of log (conductivity^) against 
i/r, but if our view’s are correct these changes of slope are connected 
with a change in the limiting process concerned. 
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The electronic conductivity of zinc oxide at 500-1000° C, in air, varied widely 
according to the mode of preparation of the oxide. At low oxygen pressures 
the conductivity is quasi-metaillic, and fairly reproducible for difierent samples, 
irrespective of their origin. It is suggested that the differences between samples 
arise largely from the variation in relative importance of surface-conduction 
and bulk-phase conduction processes. 

For any one sample, the conductivity in oxygen at pressures greater than 
o*oi-o*i mm. varies with oxygen pressure in readily reversible fashion, according 
to the law K ^ A . as required for impurity conduction arising from the 

reaction 0 ^“ == JOg 4 - 2® occurring at the surface. At low oxygen pressures, 
however, the conductivity becomes independent of oxygen pressure; equili¬ 
brium is attained under these conditions by a process which is slow, structure 
sensitive and attended with hysteresis. It is suggested that this involves a 
diffusion process, which gives nse to a heterogeneous surface at low pressures. 
The bulk-phase conductivity of zinc oxide is probably high, but electrons are 
trapped by chemisorption of oxygen on the surface. 

It has been found that the conductivity of ferric oxide at 500-600° displays 
similar features, a pressure-independent conducting state preceding the dis¬ 
sociation to Fe304. 


The measurements reported in this paper were undertaken, in the first 
place, to clear up some anomalies in the behaviour of zinc oxide as an 
electronic semiconductor. In the course of the work it became apparent 
that the semiconductivity was controlled, under the conditions of the 
experiments, almost entirely by surface reactions. An in^^^estigation of 
the phenomena over a wide range of conditions disclosed some features 
not previously described, and although these cannot yet be fully explained 
they are undoubtedly rele\’ant to the problem of the nature of an oxide 
surface under reducing conditions. 

As a typical electronic (excess) semiconductor, zinc oxide has pre- 
viouslj'* been studied by a number of workers. Jander and Stamm ^ 
and Miller,® working with powder compacts, found the oxide to have a 
very low conductivity at ordinary temperatures, with a high temperature 
coefficient (activation energy of the conduction process of 0*71 eV ®). 
Fritsch,® to eliminate as far as possible the effects of contact resistances 
between particles, fused or sintered zinc oxide at high pressures and high 
temperatures ; his material was described as markedly coloured, and was 
a relatively good conductor, with a very small or negative (quasi-metallic) 
temperature coefficient. Although the properties of this oxide may have 
been modified—^by introduction of impurities or by freezing in some 
stoichiometric unbalance during the smteiing process—^they may, alter¬ 
natively represent true bulk ph^e properties of zinc oxide. In the latter 
case the low conductivity of polycrystalline material, as ordinarily pre¬ 
pared, must be ascribed to resistances arising at the surface of the grain. 

• Present address : Atomic Energy Research EstabH^ment, Harwdl. 

1 Jander and Stamm, Z. anorg, Chem., 1931, 199,165. 

“Miller, Physic, Rev,, 1941, 60, 890. 

® Fritsch, Ann, Physik., 1935, 375 - 
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In the investigations cited, the conductivity was measured in air over 
a narrow ® or wide * temperature range. Wagner, ‘ in developing the 
statistical concept of lattice defect equilibria, showed that the semi¬ 
conductivity of oxides must, in general, be a function of the oxygen 
pressure ; in the case of ZnO, if the conductivity be proportional to the 
concentration of impurity centres (neutral zinc atoms, or electrons trapped 
near interstitial zinc ions) then K a The assumption, which may 

not be justified, is thereby made that the electronic mobility and the 
activation energy E are independent of the stoichiometric excess of zinc. 
The conductivity of zinc oxide was, indeed, found by von Baumbach 
and Wagner ® to follow the expected law over a limited range of experi¬ 
mental conditions (po^ = 10 — 1000 mm.; T = 550® and 650® C). 

More recently we have found® that, whereas the results of Jarder 
and Stamm and of Miller are t5^ical of the behaviour of zinc oxide in 
air, at low oxygen pressures (po^ < 10-® mm.) the conductivity is high 
and has a small positive or even a negative temperature coefficient. It 
became necessary, therefore, to make a systematic study of the variation 
of conductivity with oxygen pressure, and of the range over which Wagner’s 
h3’pothesis is valid. This paper summarizes the results that have been 
obtained. 

Experimental 

Preparation of Material. —Preliminary measurements were made on zinc 
oxide prepared from the oxalate ’ as described in our previous paper.® 

For the preparation of further specimens, very pure zinc was deposited 
electrolytically from zinc sulphate (Merck, pro analyst). The acid solution 
was first treated with hydrogen sulphide to precipitate heavy metals, a few 
milligrams of pure copper sulphate being first added so that copper sulphide 
could serve as a scavenger. The acidity of the solution was adjusted, and 
electrolysis commenced at low current density and 2*9 V potential difference, 
to deposit metals more noble than zinc. After 3 hr. a fresh aluminium cathode 
was substituted, and the potential difference raised to 4-6 V. The zinc was 
finally washed with distilled water, stripped from the cathode, melted in a 
Pyrex tube, and finally distilled at 600® and 10 mm. pressure. The product 
was converted to oxide by three processes. 

(i) The metal was burned in oxygen in a silica tube. The residue was sub¬ 
sequently ignited in air at 950®, a fresh surface being periodically exposed by 
stirring the powder. At 950® it may be expected that diffusion should take 
place freely enough to preclude the persistence of any unoxidized zinc. This 
oxide had a pronounced y'ellow colour, which showed no tendency to revert to 
white, even sifter the most prolonged ignition at 900-1100®. 

(ii) A portion of the metal was dissolved in the minimum quantity of pure 
HCl; basic zinc carbonate was then precipitated by adding an excess of freshly 
sublimed ammonium carbonate and was ultimately converted to the oxide at 
Soo®. This oxide vras distinctly off-white in colour. 

(iii) A further portion of metal was dissolved in HCl and precipitated as 
zinc oxalate. The oxalate, ignited in air at 800®, gave a pure white oxide. 

Hiittig and his co-workers have shown ® that the physical properties and 
chemical reactivity of zinc oxide may vary markedly, according to the mode of 
preparation of the material. Although the three samples prepared by the 
methods cited should have been of similar chemical purity, they varied widely 
both as to the magnitude and the activation energy of their semiconductivity 
(Fig. i), although file conductivity in vacuo was markedly reproducible for all 
samples. In the course of the measurements the oxides were heated to 950-1000®. 
This should have permitted the healing of lattice disorder, but not necessarily 
of bulk reciy^stallization. Each sample -was quite stable in behaviour, and the 

* Wagner, Z, physik, Chem. B, 1933, 33, 181. 

® von Baumbach and Wagner, ibid,, 1933, 33, 199. 

• Bevan, Shelton and Anderson, /. Cheni. Soc,, 1948, 1729. 

’ Rosencranz, Z. physik. Chem. B, 1931, 14, 407. 

® Hiittig, Kostelitz and Feher, Z. anorg. Chem., 1931, 198, 206; Hflttig, 
Kolloid-Beihefle, I934» 39 » 277 ; Hiittig and Goerts, Z. anorg. Chem., 1937,2631, 
249. 
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differences in colour and conductivity may perhaps be associated with differ¬ 
ences in particle size, and with the consequent variation in importance of surface 
and bulk phase conduction. 



Fig. 2 


the conductivity apparatus C to the pumping system. The steady-state pressure 
was measur^ by means of a multi-range McLeod gauge. With the leaks used 
it was possible to expose the specimen for prolonged periods to weil-defined 
and reproducible oxygen pressures between 2*0 and 4 x io-« mm. By suitable 
manipulation of taps and by-pass connections a smooth and rapid change of 
oxygen pressure could be achieved. For higher oxygen pressures to i atm., 
static conditions were permissible, since at such pressures, the “ gettering ” 
action of metal parts is unimportant. 

Satisfactory constancy of temperature between 500® and 900® was attained 
by means of a Sunvic energy regulator controlling the primary of the auto- 
transformer which supplied the heating current of the furnace. Temperatures 
were measured with a chromel-alumel tiiermocouple and potentiometer. 
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Preparation of Pellets.—Plates 25 mm. x 5 mm. x 1-2 mm. were pressed 
at 5-10 tons/in.®. These were too fragile to use without sintering. “ Fully- 
aged " specimens were sintered at 1000° for up to 20 hr. and can have undergone 
little subsequent recr^^stallization. To study phenomena associated vith 
changes in specific surface, later pellets were smtered at 500-600° for 1-4 hr.; 
these had sufficient strength for careful manipulation. 

General Technique.—^The dependence of conductivity upon oxygen pres¬ 
sures was first systematically- studied at each of a senes of temperatures from 
500-800°. It was observed that the behaviour under low oxygen pressures was 
compheated by irreversible processes of ageing—changes in specific surface, or 
in the area and perfection of inter-crystalline contacts. The effect of repeated 
cyclic variations of oxygen pressure at 592° C was studied accordingly, using a 
plate of zinc oxide that had previously been sintered at 600° in air for only 
4 hr., so that subsequent ageing processes would show up. To standardize 
conditions as far as possible, one sample of oxide was separated by sedimentation 
into fractions of fairly uniform particle size, and the fraction < 8 fi -was used 
for subsequent work. With this, the rate of attaining equilibrium at low oxygen 
pressures was investigated, and pressure-conductivity isotherms were obtained 
under conditions approaching true equilibrium. 


Results and Discussion 

Fig. 3 summarizes the pressure-conductivity relations obtained at a 
series of temperatures, using the same plate of zinc oxide throughout. 
At all temperatures, and over a considerable range of pressures, the con¬ 
ductivity K is given by the relation (i) 

^ . m . • . (i) 

where B = 0*25 ± 0*02. The result of Wagner and von Baumbach is 
thus confirmed, and found to be valid down to = o*oi mm. or lower. 



Under these conditions Wafer's interpretation appears formally valid ; 
the concentration of conduction electrons could be regarded as determined 
entirely by the shift of equilibrium in the reactions (2a) (as en^dsaged 
by Wagner, involving interstitial zinc) or (2b) (involving vacant oxygen 
sites) ; 


Zn?+ -f or 


JO2 -|- ZnJ 


2 + □ + Zuf*" -f- 2e, 


{2a) 

(2b) 


where Znl*, Of” represent ions on lattice positions, ZnJ represent an 
interstitial zinc atom, and □ a vacant oxygen site. Whatever the details 
of the mechanism, the ionizable impurity centres presumably consist of 
electrons trapped in the neighbourhood of the lattice defects. 
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Equilibrium in reaction (2) is rapidly attained, as is shown by the 
establishment cf a steady and reproducible conductivity within 15-30 
min. of changing the oxygen pressure, even at temperatures below 600° C, 
The melting point of zinc oxide is about 2100°, and the Tammann tem¬ 
perature would accordingly be about 900® C. It appears probable, 
therefore, that under all conditions summarized in Fig. 3, the rapidity 
of equilibrium implies that the processes of reaction (2) can involve only 
the superficial sheets of atoms in, at most, a layer a few unit cells thick in 
the zinc oxide crystal. The phenomena will, therefore, be regarded as 
essentially surface processes. 

At pressures below about io“® mm. (for the sample used in experi¬ 
ments summarized by Fig. 3) the conductivity is no longer uniquely 
determined by the shift of equilibrium in reaction (2) ; the conductivity 
becomes independent of the pressure of oxygen, and but little dependent 
upon temperature.* This state corresponds to the reproducible con 
ductivity in vacuo, with a very small temperature coefBLcient, shown in 
Fig. I. Its attainment differs completely from the ready reversibility 
observed at high pressures ; the transition to the vacuum condition is 



slow, and attended with considerable hysteresis, with both increasing 
and decreasing pressures. The resulting step in the log k — log p isotherms 
is a structure-sensitive property, which shows signs of shifting to lower 
oxygen pressures on successive heatings. Because the conductivity at 
higher oxygen pressures has a large temperature coefficient, the magnitude 
of the diSerence between high-pressure and low-pressure conducting 
states diminishes as the temperature is reised, and at high temperatures 
(e.g. 800®) there is a smooth transition, with no hysteresis, between the 
pressure-dependent and the pressure-independent conducting states. 

The effect of successive cycles of pressure changes upon the lower 
pressure state is shown in Fig. 4. In this experiment the plate was main¬ 
tained for I hr. at each pressure in cycle I, and for 2 and 3 hr. at each 
pressure in cycle II and III respectively. Instead of eliminating hyster¬ 
esis effects, the more prolonged experiments indicate the occurrence of 
an irreversible process which displaces the step towards lower pressures, 
and produces a smaller but significant increase in conductivity at higher 
pressures. The latter fact, taken in conjunction with what is known of 

* In a series of experiments such as those of Fig. 3, fortuitous changes of 
contact resistance, etc. (due to shrinkage of the plate) m^e it difficult to derive 
a (k, r)j, plot from the {k,P)t isotherms given, or to obtain satisfactorily repro¬ 
ducible isotherms when the apparatus is cooled to room temperature between 
experiments. 
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the phenomena of fritting and reaction processes (e.g. the work of Hiittig, 
Jander and others) indicates that one factor, at least, in the irreversible 
ageing is a surface recrystallization, which improves the conductivity 
of intergranular resistances and ejBEectively changes the relative importance 
ol surface conduction and bulk-phase conduction. 

Hysteresis in the transition from pressure-independent conduction is 
more marked with decreasing pressures than with increasing-pressures. 
To study the rate of the processes involved, a plate of oxide was brought 
to the pressure-independent state by heating it at a high temperature 
(800°) in vacuxun < 2 x io”« mm.). The temperature was then 
lowered to 608® and the pressure of oxygen was increased to, and held 
steady at, a value which just sufdced to bring about a decrease in con- 
ducthity. The change of resistance was observed as a function of time 
in three such experiments, at = 4*5 X lo"®, 1*05 x io“* and 
4*4 X 10-^ mm. respectively; the results are summarized in Fig. 5. 
This change of resistance was not merely that arising from the rela¬ 
tively rapid shift in equilibrium (2) ; the rate-determining process was 
that responsible for the transition from the low-pressure state to the 
high-pressure state. The resistivity rose asymptotically to a steady 
v^ue, and the form of the resistance-time curves is suggestive of a diffusion- 
controlled process. 

It is of interest to compare these results with observations made recently 
by Gamer, Gray and Stone • on the rate of increase in resistivity of cuprous 
oxide, a positive hole conductor, as oxygen was stripped from the surface 
by evaporation into a hard vacuum. The resistivity of cuprous oxide 


increased according to the relation AJ? = which can be interpreted 
as indicating that positive holes are destroyed by a bimolecular process 
in which oxygen atoms, mobile over the surface, recombine to form oxygen 
molecules which are subsequently desorbed. The fundamental processes 
observ-ed on our zinc oxide are just the converse of this : conducting 
centres are destroyed by the dissociation of adsorbed oxygen molecules, 
and conversion of oxygen atoms to oxide ions (eqn. (3)). 

Oj gas ^ O2 adsorbed 


-}■ 


Oa adsorbed -f- 4e ^ 2O®*”/ * ’ * ( 3 ) 

These processes are operative over the entire pressure range, and are 
probably rate-controUmg for the linear segments of the log R — log p 
curves ; the kinetic data of Fig. 5 refer to a slower process, superimposed 



on these, when the population of chemisorbed oxygen atoms becomes 
small. 

The results described in the preceding sections may be summarized 
as follows : whereas equilibrium between a zinc oxide surface and oxygen 


* Gamer, Gray and Stone, Proc. Roy, Soc, A, 1949, 197, 294. 
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is readily mobile at temperatures such that mobility within the crystal 
is still very small (evidence of conductivity at > lo-® mm.), a 
different surface state is attained at low pressures by a much slower 
process. The characteristics of this process (e.g. pressure of onset of 
the step, hysteresis) are structure sensitive, and change as grain growth, 
and fritting proceed. Whereas the conductivity in air varies widely for 
different zinc oxide preparations, the conductivity is surprisingly repro¬ 
ducible when the surface is in the low pressure state, and is comparable 
with that reported by Fritsch for macrocrystalline material. 

It appears to us that these results can be interpreted only in terms 
of a difference in semiconducting properties between the surface and the 
three-dimensional crystal. The conductivities measured were those of 
granular aggregates, and even apart from the fact that the true conducting 
cross-section between grain and grain is unknown, and changes as fritting 
proceeds, the resistance may reside almost entirely in barriers at the 
contacts between grains if there is, in fact, a difference in stoichiometric 
composition between the surface and the interior of each particle. In 
such a case the overall resistance is likely to be highly sensitive to chemical 
reactions and chemisorptive processes involving the surface layers of atoms. 

As has been stated, the linear segments of the curves in Fig. 3 and 4 
clearly reflect the maintenance of equilibrium in reaction (3) at the surface 
of the zinc oxide ; this equilibrium leads directly to the observed relation 
K = Ap'-^, irrespective of the attainment of inner equilibrium in the 
crystal. The propagation of reaction (3) into the interior of the crystal 
when equilibrium is disturbed, proceeding through the creation and migra¬ 
tion of lattice defects as envisaged by Wagner, is contingent upon suf¬ 
ficiently free diffusion. As such, it certainly occurs at higher tem¬ 
peratures and over a much wider range of oxygen pressures than were 
used in our experiments. Thus Ehtchener and Dancy have informed 
us that the stoichiometric excess of zinc in solid solution in zinc oxide 
at 1300® is quantitatively controlled by the oxygen pressure as is required 
by Wagner's model. At the much lower temperatures used in this work 
the problem is rather to interpret what happens when the surface layers 
are partially stripped by evaporation of oxygen. That the log R — log p 
curves are quite linear over the whole range studied shows that the 
surface, in presence of i atm. of oxygen, is still not saturated. What is 
not assured is that in either the surface or the bulk phase there is a 
perfect stoichiometric balance between zinc atoms and oxygen atoms. 

Several possible models for the relation between surface and bulk 
phase suggest themselves; an assessment of their validity must be made 
in the light of further work, 

(i) If the crystal of zinc oxide approximates to the ideal composition 
ZnO, de-oxygenation of the surface in vacuum must give rise to surface 
atom layers that are richer in zinc than is the interior of the crystal 
lattice. On this model the conductivity of the surface in vacuo should 
be greater than that of the bulk phase, but the consequences of the model 
are worth considering in relation to dissociation, reduction and surface 
reactions proceeding at very low partial pressures of oxygen. The re¬ 
sulting surface state could equally well be regarded as attainable by the 
chemisorption of zinc atoms on the zinc oxide surface; the concentration 
of ionizable impurity centres would then be the surface concentration of 
zinc atoms which could be related to the dissociation equilibrium 
of the oxide (4), by an adsorption isotherm of the Langmuir ty^e (5) 

ZnOjt ^ ZrTLg -j- iOtff .... (4) 
Pza. = kp'^ 


^Zli = 


aK 

I + H’za "I" 


“ Kitchener and Mrs. Dancy (private communication). 


• (5) 
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The conductivity k measures the concentration of free electrons, and so 
is proportional to VNzm i-©* 

“ “ (?o.* + S)*’ ■ ■ ■ ' 

whence JR, the measured resistance of the specimen at the pressure p is 
related to the limiting resistance Rq at very low pressures, by the ex¬ 
pression 

= const. X po^i. . . • (7) 

No such relation can give rise to a stepped curve, but (7) represent 
reasonably well the form of the 800® isotherm, with a smooth transition 
from the pressure-dependent to the pressure-independent states. 

(ii) Several lines of evidence suggest that the three-dimensional crystal 
of zinc oxide is a good semiconductor, with a quasi-metallic temperature 
coefficient of conductivity. If—as has generally been considered—^this 
conductivity is an impurity conduction process, it follows that the in¬ 
terior of the crystal must be oxygen-deficient to some slight extent 
(ZnOi-aj) whereas at the surface the chemisorption of oxygen forms almost 
stoichiometric, non-conducting zinc oxide. The low conductivity of a 
sintered plate of oxide would then be attributable entirely to barrier 
resistances at the contacts between grains. The displacement of equi¬ 
librium between oxygen molecules and chemisorbed oxygen would then 
lay bare the substrate of conducting oxide. Over the free surface attain¬ 
ment of equilibrium could readily be reached; the behaviour of material 
in the inter-granular bridges might be associated with the step in the 
log R — log p curves. This point is considered further below. 

(iii) The assumption that zinc oxide is an impurity semiconductor 
may be at fault; the conductivity may be intrinsic, arising from the 
excitation of electrons from the d levels of the Zn*+ ions to the conduction 
band. At the surface the chemisorption of oxygen would, in this case, 
trap electrons from the conduction band by converting oxygen atoms to 
O®” ions, on surface lattice points. This behaviour would parallel the 
effect of sulphur upon the conductivity of a-AggS, as interpreted by 
Reinhold (though in this instance the high diffusion rates and the 
tendency of silver towards true bi'V’alency lead to a bulk effect, and 
not merely a surface reaction). 

Whatever model be accepted for the conductivity of zinc oxide, the 
behaviour described in this paper, at low oxygen pressures, seems to require 
some heterogeneity of surface. Hysteresis in attaining equilibrium at low 
pressures might in itself be explainable in terms of diffusion along inner 
surfaces—e.g. in the material bridging inter-granular contents. The 
ultimate equilibrium conductivities should, however, fit the k = A , p^'l 
relationship. This is not the case, and as an alternative hypothesis we 
would suggest that the slow process associated with the step of Fig. 3 
and 4 represents the creation, by surface diffusion, of a heterogeneous 
surface. This could either be regarded as consisting of regions of a normal 
zinc oxide surface with zinc-rich regions (2-dimensionS metal), or as 
regions of exposed, conducting substrate with patches richer in chemi¬ 
sorbed oxygen. 'V^ether the change is regarded as brought about by 
an increase in population of chemisorbed zinc atoms, or a decrease in 
population of chemisorbed oxygen atoms, the process could be envisaged 
as a separation, by a diffusion-controlled process, into two surface phases. 

This model is suggested purely as a working hypothesis, to be rejected 
or modified in the light of further experimental evidence. To examine 
how far the experimental facts were typical of other instances, a few 
experiments were carried out on a-FejOs, at temperatures such that no 
chemical conversion to magnetite could occur. The results, indicated in 

Reinhold and Schmitt, Z. physik. Chem. B, 1939, 44, 75. 



246 SURFACE REACTIONS OF COPPER OXIDE 

Fig. 6, show that in this case also, at low oxygen pressures, the con¬ 
ductivity becomes independent of the oxygen pressure and (at the lower 



Fig. 6 .—Conductivity of ferric oxide as function of oxygen pressure. 

temperatures) higher than is explicable in terms of the equilibrium which 
governs the conductivity at high oxygen pressures. Irrespective of the 
validity of our tentative model this state of the surface is not without 
significance for the properties of oxides under the conditions obtaining 
during their action as catalysts for a variety of gas reactions. 

University of Melbourne, 

Australia. 


REACTIONS ON THE SURFACE OF COPPER OXIDE 

By W. E. Garner, T. J. Gray and F. S. Stone 
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The absorption of oxygen increases the semiconductivity of the CugO—CuO 
system, giving a surface ener^ level of 4*96 kcal. The rate of development of 
conductivity on the adsorption of oxygen at 140-200® C obeys the relation¬ 
ships dXjdt = (Aoo — A|) and dXjdt = over the low pressure 

range. The rate-determining step is thus first order. It is, however, uncertain 
whether this relates to the dissociation of oxygen or to the formation of 0~ 
from oxygen atoms. At room temperature, 50 % of the adsorbed oxygen reacts 
with CO to give CO2, whereas there is little or no reaction with an evacuated 
film. A siimlar reaction occurs between CO a and adsorbed oxygen, giving a 
CO3 complex. On porous oxide, the rate of adsorption appears to be controlled 
by the *' activated " diffusion of oxygen atoms. These results indicate that 
in the dissociation of molecular oxygen one oxygen atom enters the lattice, 
and the other is free to move over the surface. In the catalytic reaction be¬ 
tween CO and adsorbed oxygen at room temperature, CO is first adsorbed, 
and this is followed by a slow reaction to give COj. The heat of adsorption of 
oxygen is 54, of carbon monoxide 20, and of carbon dioxide 23 kcal./mole. The 
adsorption of CO between 20-200° C reduces the conductivity due to adsorbed 
oxygen, probably by the formation of a CO3 complex. At the higher tempera¬ 
ture the formation of CO 2 is a three-stage process. 


Catalytic reactions consist in a number of successive stages, of which 
the following are the more important: (a) chemisorption of reactants, 
(6) dissociation of reactants into molecular fragments, (c) reactions of the 
molecular fragments, [d) association to molecules, and {e) desorption of 
chemisorbed molecules, although not all of these stages will be present 
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in every case. In the present investigation attempts have been made 
to elucidate the nature of the various stages occurring in the interaction 
of carbon monoxide and oxygen on the surface of copper oxide. For 
this purpose two techniques have been combined, one based on measure¬ 
ments of changes of surface conductivity ® due to the adsorption of gases, 
and the other on measurements of heats of adsorption. By combination 
of the two techniques, a more penetrating analysis can be made of the 
kinetics of the reaction than by either technique separately. Since the 
changes in electrical conductivity within the range of temperatures 
investigated are mainly limited to the surface® the experiments give in¬ 
formation about the surface energ3’^ levels of the adsorbed states. 

The copper oxide is employed in the form of a thin film on glass in 
the conductivity measurements,^ and as a thin film on the copper discs 
used in the adsorption calorimeter. In order to obtain information not 
obtainable with the disc calorimeter, measurements on heats of adsorption 
have been carried out on copper powder coated with a layer of oxide. 

Adsorption of Oxygen 

The copper oxide film on glass shows its minimum conductivity when 
present as GujO. There is an increase in conductivity on oxidation to 
CuO, but at approximately 0*5 % of excess oxygen this reaches a stationary 
value, as measured in a hard vacuum, not much affected by further 
oxidation.* The activity of a film towards oxygen depends on its thick¬ 
ness and structure. The activity on either copper or glass can be in¬ 
creased by the “ embrittlement process with hydrogen, and can be 
reduced by annealing above 240° and by treatment with carbon monoxide. 
Inactive films, which are only very slowly reduced by hydrogen gas, can 
be reduced and activated by atomic hydrogen. These changes in activity 
can be explained as due to alterations in the surface area, and to changes 
in the number and t^’pe of adsorbing centres. 

At 200® C, after continued evacuation at lo”’^ mm., a film containing 
excess oxygen gives a stationary value for the conductivity which is not 
much affected by the percentage of oxygen or by several weeks' evacu¬ 
ation. Such a film, however, develops a slight gas pressure, io~® mm., 
on shutting off the pumps for periods of 12-24 hr. From this behaviour 
it is judged that this stationary state represents a balance between the 
rate of removal of oxygen from the surface into the gas phase and the 
rate of its replacement from the CuO—GugO interface (the system not 
being in true thermodynamic equilibrium). 

On an active film at 200® C, the conductivity was increased lo-fold 
by the addition of oxygen gas, and the increase was independent of the 
oxygen gas pressures between lo'"* and 0*3 mm. The reaction with 
oxygen therefore proceeds to the saturation of specific centres of activity. 
The area of the film on which conductivity measurements are made is too 
small to measure the surface coverage; but in the disc calorimeter, where 
the area was approximately 6000 cm.®, the measurements showed that 
only a few per cent, of the surface was covered with oxygen at saturation. 
On cuprous oxide the active centres are therefore probably arranged 
along Frenkel steps or other surface discontinuities. 

Surface Energy Levels.—^The work of Anderson and Greenwood 
on the semi-conductivity of copper oxide cylinders * shows the presence 
of two levels at 7 and 23 kcal./mole respectively. The former is operative 

1 Gamer, Gray and Stone, Proc. Roy, Soc. A, 1949* 197, 314. 

® Gray, ibid., p. 294. 

® Dubar, Ann. Phys. Paris, 1938, 9, 5. 

* Gray, Trans. Faraday Soc. (in press). 

® Jus 4 and Kurtschatow, Physik. Z. Sowjet, 1932, 3, 453. 

• Greenwood and Anderson, Nature, 1949, 164, 346. 



SURFACE REACTIONS OF COPPER OXIDE 


248 

in the range 0-300° C and is probably a surface level. The latter, which 
is found at higher temperatures, is probably a bulk level. Over the whole 
temperature range, the current is carried by positive holes. Similar 
results have been obtained by Wright and Andrews^ for nickel oxide. 
Despite the fact that it contains an incomplete zone, stoichiometric 
nickel oxide is an insulator, but NiO containing excess oxygen is a semi¬ 
conductor. Wright and Andrews find two levels, E = 7 kcal./mole and 
E = 24 kcal./mole, and in each case the semiconductivity is due to posi¬ 
tive holes. As with copper oxide, the fonner level is probably a surface 
level and the latter a bulk level. 

From the temperature coefficient of the conductance of thin films of 
cuprous oxide in the region 20-250° C, the activation energy for the 
conductivity process has been determined. For an evacuated surface, 
relatively free from adsorbed oxygen, E = 5*8 kcal. On the adsorption 
of oxygen, the semiconductivity is considerably increased and E becomes 
slightly smaller, 4*96 kcal. Since these two values are of the same order 
as that of Anderson and Greenwood,® it is reasonable to conclude that the 
conductivity due to the adsorption of oxygen is also + ve hole conductivity. 

The conductivity of cuprous oxide is associated with oxygen excess 
either in the interior or on the surface of the crystals. Since electrical 
neutrality must be maintained, the presence of an excess of oxygen ions 
implies that some of the cuprous ions are converted into cupric ions. The 
adsorption of oxygen on the surface can thus be represented as 
O + Cu^-- O- 4- Cu++, 

the negative oxygen ion and the cupric ion forming a localized ion pair 
bonded together near the surface. The positive hole conductivity is 
associated with this pair of ions. On this picture, the activation energy 
for the semiconductivity is that required to remove a positive charge from 
the field of the Cu+ ion. That the value for an evacuated film is higher 
than for an oxygenated film may be interpreted as due to the ion-pair 
being more deeply embedded in the surface in the former case. 

lUite of Adsorption of Oxygen.—^The rate of increase of electrical 
conductivity on adsorbing oxygen on an evacuated surface can vary by 
several powers of ten according to the surface activity; but the rate of 
disappearance of conductivity desorption ”) on evacuation is not so 
much affected by the activity of the surface. The desorption is, however, 
materially slower than the adsorption in all cases so far studied. The 
adsorption is first order over the range 100-270° C for varying oxygen 
pressures and var5?ing activities of surface, and the following equations 
hold for the low pressure region, 

dA/d^ = ^i;^0g(Aoo — A{), .... (i) 

or dX/dt = - A|).(2) 

where is the oxygen pressure, Aoo is the conductivity at saturation, 
which is independent of pQ^ within wide limits, and ki is the velocity 
constant, the numerical value of which is dependent on the state of 
activity of the surface. The linear relationship with however, breaks 
down at the higher pressures (see later). From these results it is deduced 
that the rate-controlling step in the adsorption of oxygen is first order.* 
It is significant in this connection that, although the oxidation of CuaO 
to CuO is appreciable at 200° C, the rate at which it occurs is slow com¬ 
pared with the rate of development of electrical conductivity when oxygen 
is added. It can thus be left out of account when considering the rates 
of adsorption. 

Mechanism of the Adsorption of Oxygen.—The dissociation of 
molecular oxygen in the gaseous phase requires 117 kcal., and yet the 

^ Wright and Andrews. Proc. Physic, Soc., 1949, 446. 

* This is applicable only to plane surfaces. On porous oxides the rate is 
controlled by division. 
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process occurs very rapidly on the copper oxide surface. The most 
probable places for the Association to occur are (i) at the localities where 
oxygen atoms are missing from the plane surface or (2) at the repeatable 
step of a growing face of CuO or CU2O. The relevant thermal data are : 

O2 = 2O — 117 kcal. 

CugO 4- iOg = 2CuO + 35 kcal. 

CugO 4- Oa = 2CuO -f O — 23-5 kcal. 

It is therefore not ruled out on thermal grounds that the dissociation of 
oxygen molecules can occur at an anionic vacancy in the surface, which 
permits one oxygen atom to enter the lattice and the other to be free to 
move over the surface until it is trapped at a discontinuity to form a 
semiconducthity ion-pair. The evidence in favour of this mechanism 
is presented later. 

The various steps in the reaction path would then be 
Sagas' ^ ^2ad8. *-^01-4- O’**, 

where OL forms part of the lattice and 0 ± is held more loosely and gives 
rise to a semiconducting ion pair. The second stage would appear to be 
the rate-determining step, but further work is needed to settle this point. 

Active Oxygen at Room Temperature.—^The adsorption is sufi&ciently 
rapid for equilibrium to be established within a reasonable time, but the 
rate of “ desoiption ” under vacuum becomes negligibly slow. Thus, at 
room temperature the adsorbed oxygen neither evaporates nor does it 
materially contribute to the oxidation of CugO. Its chemical properties 
can be studied, and it has been shown to react \vith carbon monoxide and 
also carbon dioxide at room temperature. The heat of adsorption of 
ox3’’gen on an evacuated surface has been measured in a calorimeter con¬ 
taining copper powder, coated with a thin layer of oxide. It ranges 
from 56-48 kcal./mole Og, the values depending on the fraction of the 
surface covered, and is considerably less than the heat of formation of 
CuO from CugO (70-75 kcal./mole). If the heat for O*^ is 35 kcal./g. atom, 
then O*^ in forming the ion pair will liberate 25 kcal. or less. The re¬ 
activity of this oxygen atom with other gases is therefore readily under¬ 
standable. 


Reactions of Carbon Monoxide 

"VMien carbon monoxide is added at room temperature to a film which 
has been evacuated at 200® C, the adsorption is accompanied by a decrease 
in conductivity which, however, rapiAy returns to its initial value on 
evacuation. 1 The process, in so far as it afiects the conductivity, is 
reversible, and the heat of adsorption of this form is 18-20 kcal. The 
change in conductivity indicates that carbon monoxide forms a chemical 
bond wnth the surface in the neighbourhood of a semiconducting ion-pair. 
It is possible that CO"^ is formed, but it is more likely that the carbon 
monoxide forms a COg or CO 3 complex, this being dissociable to give 
carbon monoxide. The study of the adsorption of carbon monoxide on 
a larger area of evacuated surface has shown that at temperatures above 
100® C, the adsorbed gas undergoes further reaction with the surface 
and carbon dioxide is liberated. 

No carbon dioxide is evolved at room temperature on admitting carbon 
monoxide to an evacuated plane surface, although considerable quantities 
of carbon monoxide are adsorbed. The complex formed under these 
conditions is therefore stable at room temperature. On the oxygenated 
surface, about 50 % of the adsorbed oxygen is converted into carbon 
dioxide, confiiming the mechanism given on page 250, which suggests 
that the two oxygen atoms produced on the dissociation of the oxygen 
molecule are not held in the same way on the surface.® 

The adsorbed oxygen atoms are thus more reactive than those left on 
the surface after evacuation. When carbon monoxide, or carbon mon¬ 
oxide and oxygen, is admitted to an oxide surface, whether evacuated 
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or not, the first process is always the saturation of the surface with carbon 
monoxide. The removal of the active oxygen as carbon dioxide occurs 
subsequently as a slower process. The following mechanism is ten¬ 
tatively suggested to explain the steps in the process : 

2O- 4- CO-- COs" 

CO 3- + CO-^ 2CO2, 

the COa not being desorbed until the CO 3“ complex formed reacts with 
excess of carbon monoxide. 

The reaction between gaseous carbon monoxide and gaseous oxygen 
has been studied on a surface which had previously been saturated with 
carbon monoxide.^ The reaction proceeded catal3rtically with a heat 
corresponding to the reaction 2CO -|- Oa = 2C0a. The rate of this 
reaction was shown to be independent of the pressure of the carbon 
monoxide and proportional to the oxygen pressure. This reaction has 
been followed in the conductivity apparatus, and the measurements con¬ 
firm the conclusions that the carbon monoxide-oxygen reaction occurs 
on a surface saturated with carbon monoxide. 

The reactions between carbon monoxide and oxygen have not been 
systematically studied at higher temperatures since the activity of the 
film is partially destroyed by the desorption of adsorbed carbon monoxide 
as dioxide. It was, however, shown that the conductivity of an evacu¬ 
ated film on adding carbon monoxide changed in three stages : (i) there 
was a rapid fall in conductivity which was followed by (ii) a spontaneous 
rise and (iii) a slower fall to a final value less than the initial value. The 
process of conversion of carbon monoxide to carbon dioxide at 200® is 
therefore a three-stage process. More work is needed before these pro¬ 
cesses can be understood, but it will be noted that the mechanism given 
suggests a possible three-stage process. 

The new experimental work is given in the sections below. 

PART I.-SEMICONDUGTmTY MEASUREMENTS 
By T. J. Gray and S. D. Savage 

Experimental 

In the previous investigation,^ the adsorption of oxygen was so rapid that 
a study of the reaction kinetics of the adsorption could not be attempted. Less 
active films have now been obtained by forming the copper films slowly, re¬ 
stricting the film thickness to 500-1,000 A, and preparing the oxide film directly 
by oxidation of copper. The oxidation is stopped as closely as possible to 
stoichiometric cuprous oxide. The rates of adsorption of oxygen have been 
followed by measurements of the changes in conductivity of the film. Repro¬ 
ducible results are obtained at 200° C only if more than 0-5 % excess oxygen 
is present in the cuprous oxide. It would appear that nuclei of CuO must be 
present for consistent results to be obtained. 

In the measurements of rates of adsorption, the film is returned to the 
stationary state between successive adsorptions by prolonged evacuation at 
200® C. In any series of experiments, the temperature of the fiOlm is not raised 
much above 200® C, since it has been foimd that treatment at higher tem¬ 
peratures decreases the activity of the film. The deactivation by annealing 
does not aSect the nature of the kinetics, although it reduces the velocity of the 
adsorption of oxygen. In the earlier work, relatively thick films were employed, 
1,200-2,000 A, and these presented little difiBlculty in reduction by molecular 
hydrogen. With the thinner inactive films, reduction with molecular hydrogen 
is sometimes impossible within a reasonable time. In these cases reduction by 
atomic hydrogen, produced by a high frequency discharge, proceeds much more 
rapidly. The atomic hydrogen, however, penetrates the walls of the reaction 
tube, and makes it impossible to produce high vacua at temperatures in the 
region of 200® C, so that atomic hydrogen cannot be effectively used in the 
preparation of the fi l m s. The reduction by atomic hydrogen activates the film 
in -file same way as molecular hydrogen. 
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Temperature Goeffideat of the Conductance.—In Fig. i are given the 
plots of the log of the conductivity against i/T, for films evacuated at 200® C 
and for films saturated with oxygen gas. The procedure adopted in the case 
of oxygenated films varied. Usually, the film was saturated with oxygen at 



Fig. I. —^Temperature coefficient of conductivity of evacuated and oxygenated 

CuaO films. 

200-250® and cooled from that temperature in an atmosphere of oxygen. Read¬ 
ings were taken both on a cooling and on a rising temperature and no differ¬ 
ences were found. Also, if the oxygenated film was evacuated at a low tem¬ 
perature and the temperature coefficient determined upwards, this was found to 
be the same as with the normal procedure up to the temperatures at which 
oxygen began to be desorbed. It was therefore concluded that the temperature 
coefficient was that of a film on which a constant amount of oxygen was adsorbed. 
The activation energies are calculated on the assumption that there is a simple 
proportionality between the number of defects (adsorbed oxygen atoms) and 
the conductivity. It is uncertain in the present stage of the theor^^ of surface 
conductivity what is the correct assumption that should be made. If it should 
be shown later that the conducti\dty varies as the square root of the ox^’gen 
concentration, then the activation energies would have to be doubled. The 
foUow’ing values have been obtained : 

Evacuated film, 5-85 kcal./mole ; oxygenated film, 4*96 kcal./mole. 

The values for the activation energies are not affected by variations in the 
activities of the films. 

Rate Measurements.—^Assuming that the conductivity is proportional to 
the amount of oxj’gen adsorbed, then if the rate of adsorption is first order, 

^ = ftCAoo - 

where Aoo is the conductivity at saturation and A* the conductivity at time 
A plot of log (Aoo — A|) against / should give a straight line. If, however, the 
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oxygen concentration is proportional to A®, then log (A|o — A}) against t should 
give a straight line. Such plots are shown in Fig. 2 for a range of initial pressures, 
and both relationships are seen to fit the results. Straight lines are obtained 
within experimental error up to about 90 % saturation. It is thus not possible, 



on the basis of these results, to obtain a lead with regard to the relationship 
between the conductivity and the oxygen concentration on the surface. They, 
however, make it highly probable that the rate-determining step for the reaction 
is first order. 

These relationships do not hold if the composition of the films is very near 
that of stoichiometric cuprous oxide, or if the film has been previously treated 
with hydrogen. Also, irreg^arities in the rate curve occur S the film is mal¬ 
treated by opening to the air or by being seriously overheated. 
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It has been observed that the rate of adsorption of atomic oxygen produced 
by radio frequency discharge is very much greater than for molecular oxygen, 
26-30 times in a typical case. This is in agreement with the work of Cubicciotti, 
Dravnicks and Blevitsky who have found an increase in the rate of oxidation 
of copper usmg atomic oxygen. In addition, it is found that the final con¬ 
ductivity Aoo on adding atomic oxygen is the same as with molecular oxygen. 

The pressure changes during a run are too small to measure. Some measure¬ 
ments have been made of the rate of desorption of oxygen into a high vacuum 
but the kmetics have not been thoroughly investigated. The rate, however, 
obeys a fourth order law initially, for 30-40 of the desorption process, passing 
into a second-order law which holds for the main period of the desorption (Fig. 3). 



The second-order law would be expected since two oxygen atoms would need to 
collide to form an oxygen molecule. The initial high order, however, indicates 
that there are probably tsvo independent mechanisms. 

Effect of Oxygen Pressure..—In Fig. 4 are given curves showing the vari¬ 
ation in the velocity constant ^sdth the pressure of ox^’-gen at 200® and 139® C. 
The copper oxide films are not very stable, there is occasionally a drift in the 
initial and final conductivity during a series of adsorptions. During the series 
shown in Fig. 4, the increment in conductivity, at constant temperature, was 
found to be independent of pressure, although the rate was dependent on 
pressure ; that is, the activity of the film remained constant. At low pressures, 
the velocity constant is proportional to the pressure, but at the higher pressures, 
the velocity constant approaches a constant value. The form of the curves 
resembles that of a Langmuir isotherm, and the constancy of k at the higher 
pressures may be interpreted as due to the saturation of the effective sites on 
the surface with oxygen. The rate at which oxygen molecules are converted 
into atoms on the surface would therefore appear to be proportional to the 
adsorbed molecular oxygen which obeys a Langmuir adsorption isotherm. 
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If this interpretation of the results be substantiated, it should be possible 
to derive values for the heat of adsorption of oxygen molecules, and the activa¬ 
tion energy for their dissociation. It is hoped as a result of further investigation 
to obtain more accurate values than can be derived from the present data. 



PART II.—SURFACE PROCESSES AND HEATS OF ADSORPTION 

By F. S. Stone and P. F. Tiley 

Measurements of heat of adsorption have been made calorimetrically using 
a thermocouple calorimeter of the type described by Gamer and Veal.® The 
weight of adsorbent used was 6-54 g. and the water equivalent of the calori¬ 
meter was 0*868 cal. The usual precautions ® were taken and the galvano¬ 
meter sensitivity used was 20 cm. per degree. The remainder of the apparatus 
has been described in a previous publication.^ 

The copper, on wtdch the oxide films were produced, was prepared by dis¬ 
solving Johnson and Matthey Specpure copper sulphate in distilled water and 
by reducing with excess hydrazine hydrate in alkaline solution. The spongy 
precipitate of metallic copper so form^ was filtered, washed and dried in vacuo. 
The oxide coating was reduced in situ with hydrogen and a thin oxide film 
(< 500 A) was formed by oxidation with a Icnown volume of oxygen at 100° C. 
Several methods have been investigated, but the above method was found to 
produce the most active catalyst. It also possesses the advantage that the 
reducing agent is volatile. 

Adsorption of Oxygen.—^The adsorption of oxygen has been studied at 
a senes ot temperatures; the uptake of gas is relatively slow and the fall of 
pressure with time in a dosed s;^em can easily be followed. The adsorption 
obeys accurately a Vp — relationship in the initial stages (up to 40 min.) 
and the results of six adsorptions at constant volume are shown in Fig. 5. 


» Gamer and Veal, Ckem. Soc., 1935, 1437. 
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\Vard*s equation • for activated diffusion is of this form provided the equi¬ 
librium concentration on the surface is proportional to as is usually assumed 
for a gas which dissociates on adsorption. The equation becomes 

where a, jS and A axe constants, V is the volume of the system and JD is the 
diffusion coefficient. However, it is not possible at this stage to state decisively 



that the rate-determining mechanism is one of activated diffusion rather than 
activated adsorption. The Arrhenius line for the above equation gives an ap¬ 
parent activation energy’' of 8*5 ±1-5 kcal./mole. 

Some support for the diffusion mechanism is obtained from the fact that at 
constant temperature the gradients of the Vp — Vt plots are found to be pro¬ 
portional to i/r, which is a requirement of the above equation. Furthermore, 
the value of E compares with the value of 9*5 kcal./mole found by the oxidation 
of copper under conditions where the rate-determining step was believed to be 
the diffusion of oxygen molecules through cracks in the oxide layer. Finally, 
the Ward equation has been found to be obeyed in the adsorption of oxygen 
on manganese oxide. 

The occurrence of in the observed relationship does indicatet hat dissoci¬ 
ation occurs before the rate-determining step, and that an equilibrium Og ^ 2O 

•Ward, Proc. Roy. Soc. A, 1931, 133, 506. 

1® Willdns and Rideal, ibid., 1930, liS, 394. 

Sakai, Kurimura and Okura, J. Soc. Chem. Ind. Japan, 1943, 46, loii ; 
A.C.S. Abstr., 1949, 1623. 
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is established on the surface. The integral heat of adsorption, measured at room 
temperature for a surface which has been baked out at 200° C, is 53-56 kcal./mole. 

The adsorbed oxygen is stable on the surface at room temperature over 
periods of at least 24 hr., showing that oxidation processes are extremely slow. 
The adsorbate reacts readily at room temperature with carbon monoxide ^ 
and the carbon dioxide formed evaporates into the adjacent liquid oxygen 
trap. It was found, how'ever, that after 24 hr., by which time the reaction has 
virtually stopped, only about 50 % of the oxygen which had been adsorbed 
could be removed in this way (see Table I).* The conclusion is drawn, there¬ 
fore, that about a half of the oxygen adsorbed is “ mobile,*' whilst the remainder 
is unreactive. 


TABLE I 


1 

Vol. of Og Adsorbed 
(cm.») 

Vol. of CO .A.dmitted 
(cm.®) 

Vol. of COa 

Formed After 24 hr. 

% Oa Removed 

1*02 

3*45 

0*83 

41 

1-88 

4*6o 

1-72 

46 

0-70 

2-15 

0-84 

56 

0*55 

1-82 

0-65 

59 


Adsorption of Carbon Monoxide.—The adsorption of carbon monoxide 
at 20° C is characterized by a rapid uptake of gas, many times faster than the 
rate of adsorption of oxygen at the same pressure (compare Curve I with III and 
IV of Fig. 6). 



Fig. 6. 

I. CO on an evacu¬ 
ated surface. 

II. CO on an oxygen¬ 
ated surface. 

III. Og on an evacuated 
surface. 

IV. O3 on an evacuated 
surface. 

V. COandOaOnaCO- 
covered surface. 

Initial 

p == i-io mm. 
p = 0*73 mm, 
pz=z 1*02 mm. 
p = 0*39 mm. 
Partial pressure of 
Og = 0*41 mm. 


* A small amount of COg is obtained under these conditions when CO is 
applied to a surface which has not previously been exposed to oxygen; these 
amounts have been deducted before compiling the table. 
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The heat of adsorption is reproducible and constant throughout an experi¬ 
ment at 20 kcal./mole, as compared mth a value of 28 kcal./mole found on larger 
thicknesses of oxide films.^ Confirmation of this difierence is provided by the 
desorption characteristics. With a heat of adsorption of 28 kcal./mole, only 
about 15 % of the gas could be desorbed as carbon monoxide below 100° C ; 
the remainder desorbed as CO a at a higher temperature. In the present case, 
however, where the heat is 20 kcal./mole, the desorption properties are summar¬ 
ized in Table II. 

TABLE II 


Temp. ®C 

% Described as CO 

% Described as COg 

20 

30 

Negligible 

20-100 

20 

25 

Above 100 

Negligible ♦ 

25* 


* In the region of 100° C and above, any CO reacts with the surface, producing 
CO a. 

An estimate of the rate of desorption of a gas may be obtained from the 
equation 

Rate of desorption = 

where /‘♦'is the partition function of the transition complex and / that of the 
initial state, and is the concentration of the adsorbate. 

Assuming / + = /, this shows that, provided no activation energy is required 
for desorption (E = Q, heat of adsorption), the period of half-desorption is 
2 min. at 20® C if E = 20 kcal., but 24 hr. if JE = 24 kcal. Thus, for a gas the 
heat of adsorption of which is 20 or less, some desorption can be expected at 
room temperature, but if the heat is higher, then appreciable desorption will 
not occur until the temperature is raised. The fact that, in this case, some 
30 % is desorbable at room temperature is in agreement with the fact that the 
heat of adsorption is 20 kcal. /mole. 

The heat of adsorption of carbon monoxide on an ” oxygenated surface, 
that is, one on which oxygen has already been adsorbed, has been measured 
and the expected exaltation of the heat due to reaction is observed. The heat 
produced per mole of CO disappearing is as high as 35 kcal. in some cases. It 
is significant to record that the desorption of COg is not at aU rapid, and it is 
believed that an intermediate CO3 complex is involved, with the result that the 
desorption of COj requires a smil activation energy. The rate of uptake of 
CO on an oxygenate " surface is shown in Curve II of Fig. 6. 

Adsorption of Carbon Dioxide.—^No appreciable adsorption of carbon 
dioxide occurs on a reduced or on a baked-out surface (0’005 cm.® in 12 min.). 
If, however, COg is admitted to a surface on which oxj^gen has been adsorbed, 
there is an immediate adsorption of COg (0*2 cm.® in 12 min.). Over a period 
of 24 hr., about 70 % of the volume of the previously-adsorbed oxygen can be 
taken up. The heat of adsorption of COg in these circumstances is reproducible 
at 23 kcal./mole. As is to be expected, a small amount of the gas can be de¬ 
sorbed in vacuo at room temperature, and the remainder is easily desorbed on 
raising the temperature. If, how’ever, a gas mixture of equal volumes of carbon 
dioxide and oxygen are adsorbed together on an evacuated surface, they are 
taken up in the ratio i/i.* The initial heat is 41 kcal./mole, falling to 37 kcal./ 
mole, in agreement mth the conclusion that oxj^gen is adsorbed first. This 
steady value of 37 kcal./mole for the integral heat compares with 38*5 kcal./mole, 
as calculated from the uptake of equal volumes of oxygen (54 kcal.) and carbon 
dioxide (23 kcal.). 

It follow’s, therefore, that COg is stable on the surface only in the form of 
a complex with oxygen, and that this complex is most readily formed with the 
" mobile ** oxygen obtained by the adsorption of oxygen. The fact that i 
volume of oxygen (which gives one reactive and one unreactive O atom) permits 
the adsorption of i volume of COg suggests that the formula of the complex 
is CO3, and that it is probably negatively charged. The discrepancy between 

^“Glasstone, Laidler and Eyring, The Theory of Rate Processes {1941). 

I 
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70 % and 100 % may be due to blocking, since a CO3 complex will cover a con¬ 
siderable area. 

On admitting carbon monoxide to the complex at room temperature, reaction 
occurs and tvo volumes of carbon dioxide are produced for each CO taken up. 
This lb in accord with the equation, 

CO + COJ—^ 2COa 4- 2e. 

The Reaction between Mixtures of Carbon Monoxide and Oxygen.— 

It has been shovn earlier that, lor the catalyst in question, the reaction between 
CO and oxygen occurs on a CO-covered surface,^ and the fact that the first pro¬ 
cess IS the ad&orption ol CO was also confirmed by the present work, where the 
initial (approximate) heat w'as 29-30 kcal./mole. The combination reaction 
has now been studied on a CO-covered surface (see Fig. 6, Curve V), and it has 
been found that the uptake of oxygen is in some cases greater than that expected 
from the stoichiometry (1O2/2CO), bemg as high as i/i in some cases. 

The experimental results of van Cleave and Rideal in the investigation 
of the Hg—Og combination reaction over this t^.’pe of catalyst show a similar 
effect. They used a temperature range 170-250® and a catalyst which consisted 
of copper wure covered with a layer of oxide. At low oxide thicknesses, the 
gases disappeared in a i/i ratio, w’hercas at higher thicknesses the gases dis¬ 
appeared in the 2/1 ratio which is expected from the stoichiometnc equation. 

The authors wish to express their thanks to Imperial Chemical In¬ 
dustries, Ltd,, and Distillers Company, Ltd., for grants. 

Department of Physical and Inorganic Chemistry, 

The University, Bristol 

van Cleave and Rideal, Trans. Faraday Soc., 1937, 33 * ^ 35 - 
Cubicciotti, Dravnieks and Blevitsky (private communication through 
Dr. G. Szasz). 


THE PHYSICAL PROPERTIES OF PROMOTED 
MOLYBDENUM DIOXIDE CATALYSTS 

By R. H. Griffith, P. R. Chapman and Miss P. R. Lindars 
Received 1st February, 1950 

The physical properties of molybdenum dioxide catalysts, promoted by the 
addition of small amounts of silica, have been examined. Great changes in 
the surface area take place as the silica content increases, but these do not 
alone account for the diSerences in the activity for hydrocarbon decomposition. 
Measurements of the composition, crystal structure, electrical conductivity 
and thermoelectric potential of the ca&lysts are also recorded and the results 
suggest that M0O2 rather than Mo metal is the catalyst, and that the function 
of the promoter is to increase the surface of the dioxide. This is efiected to the 
greatest degree when the maximum amount of silica is incorporated into the 
M0O2 lattice. 


The addition of small amounts of promoters to molybdenum dioxide 
catalysts is known to produce striking changes in their activity for the 
decomposition of hydrocarbons,'^ The quantity of promoter giving the 
maximum effect is hdghly critical and the chemisorption of hydrocarbons, 
at or near the reaction temperature, follows simila r changes.* No 
fundamental reason was found for these relations. 

The present paper reports some preliminary results of measurements 
of the physical properties of catalysts prepared by the reduction of 
molybdic acid to which known amounts of silica have been added. Surface 


^ Griffith and Plant, Proc. 


Roy. Soc, A, 1935, 148, 191. 
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area, electrical conductivity, thermoelectric potential, crystal structure 
and chemical composition of the reduced catalysts have been determined. 

Experimental 

Preparation of Catalysts.—Silica sol, containing about i % Si02, was 
added to molybdic acid of a.r. quality, the resulting paste being waimed and 
stirred until the sol coagulated. The mixture was then dried, powdered, and 
reduced in pure hydrogen at 450° for 50 hr., a gas rate of 220 cm.®/min. being 
used vdth 2 g. catalyst. The reduced material was then evacuated to below 
5 X 10-^ mm. for 8 hr. Strict precautions were always taken to prevent access 
of air to the catalysts after reduction. 

Surface Areas were measured with nitrogen by the method of Brunauer, 
Emmett and Teller.® 

Electrical Conductivity and Thermoelectric Potential were deter¬ 
mined in the apparatus shown in Fig. i, which is a modified form of that 
described by Reichardt.^ The catalyst was 
placed in the bulb A, the whole apparatus 
being purged with pure hydrogen before 
the outlet at F is sealed. With the side 
arm in a horizontal position, the catalyst 
was reduced at 450®, escape of powder 
being prevented by the smtered-glass disc ; 
the tube E was sealed when reduction was 
complete. The catalyst was tipped into the 
tube B {mt. diam. 6*5 mm.), the -weight C 
being held up by means of an iron strip 
manipulated by a magnet, and -was then 
packed between the fixed sintered disc G 
and the movable disc H. The stainless steel 
weight C was finally lowered to compress the 
catalyst column. Electrical contact was 
made by platinum discs, welded to platinum 
wires, inside each glass disc. The pressure 
on the catalyst powder due to the weight 
was 0*78 atm. 

For measurement of conducti-vity, the 
tube was heated in a small furnace so 
that the whole catalyst specimen w^as at a 
kno-vm temperature; for determining the 
thermoelectric potential, the junction H was kept at 0° by an ice jacket 
while the junction G was heated to a known temperature. This resembles the 
technique of Hockberg and Seminski.® The -whole specimen was evacuated 
at 450° before measurements were started and -was connected by the side tube 
D to a IkIcLeod gauge and mercurj^ vapour pump through a trap cooled in liquid 
nitrogen. 

As the results given by this apparatus were purely comparative, a strict 
sequence of operations was followed. After one day's evacuation, the tube 
was cooled overnight and by connecting the electrodes to a Wheatstone bridge 
the conductirity was measured at a series of temperatures up to 450®. One 
hour was allowed at each temperature before taking any readings. After again 
cooling overnight, the thermoelectric potential at the junction with Ft was 
determined by measurement of the potential difference and the resistance 
across the catalyst column when one end -was at 0° and the other at a known 
temperature. This series of measurements was repeated on the following day 
after admission of hydrogen to a pressure of 100 mm. 

Analysis of Reduced Catalyst.—^Earlier work ® failed to detect significant 
differences in the extent of reduction of MoOj as the silica content was altered. 
But these observations were based on the amount of water produced and -this 
procedure has grave shortcomings in view of the presence of silica gel. More¬ 
over, no precautions -\vere taken to prevent oxidation of the reduced catalyst 
on exposure to air. A new senes of analjrses has therefore been carried out on 
samples prepared and weighed in pure hydrogen. 

* Brunauer, Emmett and Teller, /. Amer. Chem. Soc., 1938, 60, 309. 

* Reichardt, Grensfidcken Katalyse (ed. Krfiger) (Hirzel, Leipzig, 1933), P- 

® Hockberg and Seminski, Physik, Z. Sowjet., 1938, 13, 198. 
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About 0*5 g. catalyst was reduced for 48 hr. in a glass bulb at 45 ®°* then 
tipped into a small side-arm which was sealed ofi without pposure to air. 
This tube was scratched at a constriction which could be easily broken, then 
weighed and broken. The contents were tipped into dilute nitric acid and the 
pieces of tube weighed, corrections being made for the original content of 
hydrogen. The molybdenum content of the catalyst was determined gravi- 
metrically as lead molybdate. 

X-Ray Examination was carried out on specimens of the reduced cataljrsts 
sealed in Lindemann glass tubes without exposure to air, by Dr. F. A. Bannister 
and Dr. G. F. Claringbull, of the Mineralogy Depa^ment, Natural History 
Museum, to whom we are greatly indebted for their assistance and advice. 
The radiation used was Cu 


Results 

The surface areas of the catalysts are given in Fig. 2 and the compositions 
of the reduced catalyst are shown in Table I; these latter are given on a silica- 
free basis and include figures showing the excess of Mo above that required for 
the exact composition M0O2. 
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TABLE I.— Composition of Reduced M0O2 Catalysts 


Silicon Atoms with 

100 Mo Atoms 

% by Weight 

Mo 

Oxygen 

Excess ^lo 

0 

76-5 

23-5 

6-0 

3*0 

77*9 

22*1 

11*6 

4*4 

79*4 

20*6 

17-6 

5*0 

81-4 

i8-6 

25*6 

5*5 

78*0 

22*0 

I2‘0 

9*4 

8i-6 

i8*4 

26-4 


Crystal Structure.—The crystal structures revealed by the X-ray diagrams 
are summarized in Table II. 

TABLE II. —X-Ray Examination of Reduced Catalysts 


Si Atoms with 

100 Mo Atoms 

MoO* 

1 Mo Metal 

0 

+ 1 

Absent 

3*0 


Absent 

4*4 

+ 

Faint 

5*0 

+ 

Faint 

5*5 

' -f 

Faint 

9*4 

; + 

Very faint 


The relation between the silica content and conductivitj’’ at 400® is shown 
in Fig. 3, Similar differences were observed at other temperatures. With 
increasing temperature, the conductivity of each mixture up to a siUcon con¬ 
tent of 4*4 Si atoms to 100 IMo atoms showed a steady fall, indicating that 
metallic conduction predominated. But with 4*4 Si the curve flattened above 
370® and with higher concentrations of silica there was a distinct rise in con¬ 
ductivity above 300®, although at lower temperatures metallic conduction was 
still dominant. WTien hydrogen w-as added, the conductivity of the catalyst 
increased slightly. Part of this increase may be due to the longer time of 
compression, but it is also partly caused by lowering of the partial pressure of 
oxygen. The influence of small additions of oxygen to one catalyst is shown 
in Table III. ^ 

TABLE III.— Effect of Oxygen on Conductivity of Reduced Catalyst 
CONTAINING 5 Si AtOMS TO lOO Mo AtOMS 


Oa Pressure, mm. 

Conductivity/cm. 

0*9 

0*553 

1*5 

0*546 

3*2 

0-540 

4*0 

0-534 

4*7 

0-487 

5*0 

0-330 


These results are characteristic of an electron-excess conductor, A similar 
conclusion is to be drawn from measurements of thermoelectric potential, the 
heated end of the catalyst being positive with respect to the platinum. The 
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effect of temperature on the thermoelectric potential is summarized in Table IV 
and the potential developed at 450® is shown in Fig. 4. 



TABLE IV.— Thermoelectric Potential of Promoted MoO, Catalysts 


Si Atoms to 

100 Mo 

mV/deg. at Junct*on 
with Pt., 350-450® 

0 

0*0038 

3*0 

0*0038 

4*4 

0*0055 

4*7 

0*0059 

5*0 i 

0*0062 

5*5 

0*0051 


Discussion 

The catalyst activity-promoter concentration curve originally de¬ 
scribed ^ rose to a sharp maximum when the ratio Si/Mo was 4-4/100. * 
The measurements now recorded must be considered with reference to 
that curve. 

The analyses of the reduced catalysts show that they all contain an 
excess of molybdenum above that required for the composition MoO 2, 
even when allowance is made for the statement that this oxide exists in 
the range MoOi.g, to MoO*.os, as recorded by Glemser and Lutz.® X-ray 
examination also reveals the presence of Mo metal as well as the MoOs 
in ail specimens containing more than 3-0 Si to 100 Mo. 

The effect of oxygen on the conductivity and the direction of the 
current generated at the thermo-electric junction show that all the 
catal3rsts are electron-excess solids. This is in agreement with the view 

* Glemser and Lutz, K€Uurwiss, 1947, 34 » 215. 



R. GRIFFITHS, P. CHAPMAN AND P. LINDARS 263 

of Roginskii ’ that reactions invoUing hydrogenation, dehydrogenation 
or ring-closure of hydrocarbons are catalyzed by solids with mobile elec¬ 
trons, often strongly coloured oxides or sulphides which are very sensitive 
to the presence of impurities. The catalysts do not. however, co^orm 
to the Friedench-Meyer rule *• ® as they are not derived from the highest 
valency state of molybdenum. But a similar exception can be foimd in 
the results of Klemm and Pirscher “ for the vanadium oxide series where 
different indhudual oxides showed very low conductivities which were 
greatly increased by either deficiency or excess of oxygen. 

In the absence of silica, the product contains a mixture of M0O2 and 
a little Mo ; its conductivity is high and its surface area very small, so 
that the metal is probably present largely on the surface. The addition 
of silica in amounts up to the ratio of 4*4 Si/ioo Mo produces an increase 
in surface area in almost direct proportion to its concentration. The 
conducthdty decreases sharply, much more rapidly than can be accounted 
for on the grounds of the smaller particle size alone. Although excess 
molybdenum is present it does not appear in crystalline form when only 
3*0 Si to 100 Mo atoms are present. If uniformly spread over the sur¬ 
face there would only be enough, at this concentration, to give 2- or 3- 
atom layers and the excess metal is therefore likely to follow the rutile 
lattice. 

\Vhen 4*4 Si atoms are present with 100 Mo atoms, the surface area 
is again higher but the conductivity has fallen to a minimum in spite of 
the presence of crystalline Mo metal as well as MoOj. The system appears 
to resemble very closely that described by Johnson and Weyl in which 
ZrOa ^vas added to partly reduced TiOg. The mobility of electrons re¬ 
sulting from the presence of Ti®+ ions, which exist under reducing con¬ 
ditions, was greatly restricted by the presence of irreducible foreign 
ions. Similarly the mobility of the excess electrons in the MoOa lattice, 
which also has the rutile lattice, is decreased as SiOa is added to the 
lattice. The conductivity would thus be expected to be lowest when 
the lattice had its greatest content of silica. 

As stUl more silica is added, the system becomes strained ; the silica 
now facilitates the formation of metallic Mo and the conductivity in¬ 
creases. But the system is not stable until silica is rejected from the 
metal cr37stal: this silica is evidently of great surface area but does not 
contribute to the catal3rtic activity or to the X-ray pattern. 

This effect, however, is soon outweighed as the molybdenum metal 
content becomes so high that it forms large aggregates with relatively 
small surface and maximum conductivity. If the silica content is even 
higher it pro\ddes a gradually increasing total surface largely due to 
silica alone. These observations suggest that the catalyst for hydro¬ 
carbon decomposition is MoOg, not metallic Mo; this is in agreement 
with the view of Herington and Rideal that the oxide is essential for 
the production of aromatic hydrocarbons from paraffins. 

The amount of promoter required to give the highest catal5d:ic 
activity and the maximum chemisorption of hydrocarbons is therefore 
chiefly a characteristic of the MoOg lattice. This agrees with the ob¬ 
servation that many other promoters have their maximum effect in 
about the same concentration as that found with silica. The conditions 
of preparation of the catalyst are such that its formation from molybdic 
acid is relatively fast; the first dehydration stage is very quick and the 
reduction of M0O3 is largely completed in a few hours. The melting 

’ Roginskii, Compt, rend, U.R,S.S., 1949, 67, 97. 

* Friederich, Z. Physik, 1925, 31, 813. 

» Meyer, ibid,, 1933, 85, 278. 

Klemm and Pirscher, Optih, 1948, 3, 75. 

Johnson and Weyl, J. Amer, Ceram, Soc., 1949, 33, 398. 

Herington and Rideal, Proc. Roy. Soc. A, 1945, 434. 

Griffith, Trans. Faraday Soc., 1937, 33 i 
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point of M0O2 is not known but it has now been found to exceed 1600® ; 
at 450®, therefore, the surface must be in a state of frozen equilibrium 
so that even prolonged heating at that temperature will not result in 
rejection of the foreign atoms. As the evidence now provided is still 
somewhat indirect, these views on the mechanism of promoter action 
with MoOa catalysts need confirmation by other methods. Among these 
the measurement of dielectric properties and power loss should be most 
informative. Work along these lines is already in progress and will be 
reported later. 

These obser\-ations call attention to the \^lue of chemisorption in 
determining the effective surface of a catalyst, at least in instances where 
only one reactant is involved. 

The Fulham Laboratory, 

Sorth Thames Gas Board, 

King's Road, 

London, S.TF.6. 


SOME NOTES ON OXIDE CATALYSTS 
FOR DEHYDROCYGLIZATION 

By H. Steiner 
Received ^rd March, 1950 

The evidence available on the nature of the catalysts used in the dehydro- 
cycUzation reaction is reviewed. It is shown that the active centres catalyzing 
the three steps which form the reaction sequence, namely, dehydrogenation, 
cycUzation, and also isomerization, are largely identical. The evidence for 
the mechanism of cycUzation based on adsorption of the intermediate olefine 
by way of opening the double bond, and subsequent formation of a carbon- 
carbon bond to effect ring closure, is discussed. It is shown that there are 
important differences in the structures of catalysts using AljOg as support 
and Cr^Os and M0O2 respectively as active oxides. 


The catalytic cycUzation of paraffins to aromatics was first discovered 
b5’’ MoidawsM and Kamuscher in 1936.^ Since then the mechanism 
and the kinetics of the reaction have been investigated in considerable 
detail, and as a result a good deal is known about these aspects of the 
reaction.However, the information on the structure and mode of 
action of the oxide catalysts used in the cycUzation reaction is much more 
limited. It is intended in the present notes to review shortly this 
evidence, and to discuss the conclusions regarding the nature of the 
active centres and the mode of attachment of the sub^ate to the catalyst, 
which can be drawn from the kinetics and the mechanism of the reaction. 

Before doing this it seems appropriate to recall the most important 
features of the cycUzation reaction. In a temperature range from 450- 
600® C certain oxide catalysts cyxlize and simultaneously dehydrogenate 
paraffins and olefines containing six or more carbon atoms to the cor¬ 
responding aromatic compound. Cyclization is not restricted to straight 

1 iloldawski and Kamuscher, CompU rend,, U.S,S.R„ 1936, i, 355: A.C.S, 
Abstr., 1936, 30, 6713. 

‘Taylor and Turkevich, Trans. Faraday Soc., 1939, 35, 921. 

* Hoog, Verhuis and Zuiderweeg, ibid,, 1939, 35, 993. 

* Pitkefthly and Steiner, ibid., 1939, 35, 979. 

* Herington and Rideal, Proc. Roy, Soc. A, 1945, 184, 434. 

* Herington and Rideal, ibid., 1945, 184, 447. 
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chain hydrocarbons, but generally straight or branched chain compounds 
react, provided they incorporate within their structure a straight chain 
of at least five successive links, so that a six-membered ring can be formed 
without breaking of carbon-carbon bonds. In the great majority of cases 
we can expect the aromatic compounds resulting from this simple scheme 
to be formed, e.g. ^i-hexane gives benzene, w-heptane and 2-methyl-hexane 
form toluene. 

In certain cases isomerization reactions take place in addition to simple 
cyclization. For instance, w-octane, in addition to ethyl-benzene and 
o-xylene, the two compounds to be expected from the mechanism out¬ 
lined above, also forms p- and «i-xylene. The latter compounds can only 
be formed if an isomerization step is included in the reaction. In a higher 
temperature range hydrocarbons having at least six carbon atoms but 
only four successive links in the chain also undergo cyclization to form 
benzene derivatives. In these cases it is clear that an isomerization as 
well as a cyclization step forms an essential link in the reaction sequence. 

Starting from a paraffin a certain amount of the corresponding mono¬ 
olefine is always found in the reaction products. It has been shown that 
this olefine is an intermediate product, which is subsequently transformed 
to the aromatic compound. It is most likely that cyclization takes place 
from the olefine. Neither cycloparaffins nor cyclo-olefines could be found 
in the products, and it must be assumed that they are dehydrogenated 
so rapidly to the corresponding aromatic compound that they cannot be 
formed in appreciable concentration. It has iso been shown that where 
isomerization is necessary this takes place simultaneously with the 
cyclization itself. It is clear from all this evidence that cyclization, 
dehydrogenation and isomerization are intimately connected. 

Composition of Gatal37Sts.—survey of the published information 
on the oxide catalysts used in the cyclization reaction (see Table I) 
reveals that they belong almost exclusively to those of the 4th, 5th and 
6th sub-groups of the Periodic Table. The exception is cerium oxide, 
which does not belong to these groups, and molybdenum sulphide, the 
only non-oxide which has shown catalytic activity for cyclization.* 
Various promoters and catalyst stabilizers not belonging to these groups 
of the Periodic Table have been tried, but in variably they have been 
associated with one or other of the oxides mentioned in Table I. 

Alumina is the preferred carrier for most of the oxides listed, but by 
itself it has no catalytic activity. It is noticeable from the preparation 
of all active catalysts that they must be present either in an amorphous 
or at least micro-crystalline state. Typical examples are the chromium 
oxide gel catalysts. On the other hand, crystalline CrjOg, for instance, 
was shown to be inactive.’ Alternatively, active catalysts can be pre¬ 
pared by precipitation on or impregnation of supports like activated 
alumina. Oxides in the gel or microcrystalline form usually have a large 
surface area. The same is true of supports like activated alumina. 

In some cases the alumina, in addition to acting as a suitable support 
of large surface area, has additional functions. Thus, MoOs by itself 
is inactive, but supported on AljOg it is one of the most active and stable 
catalysts. It has been shown that this is connected with the reduction 
of MoOa under the reaction conditions to the inactive molybdenum metal. 
Alumina retards this reduction to such an extent that the supported 
catalyst shows activities for sufficiently long periods.* 

It will be noted that all the active oxides belong to transition elements 
with incompleted inner electron shells. Oxides of these elements in 
most cases can be present in several states of valency, and it has been 

* In a lower temperature range [ca, 300®) platinum on charcoal was also 
shown to promote cyclization to a limited extent (Kazanski and Plate, Ber. B, 
1936, 69, 1862). 

’Turkevich, Fehrer and Taylor, J, Atner. Chem. Soc., 1941, 63, 1129. 

I* 
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suggested that the active oxide is obtained by reduction under reaction 
conditions from a higher to a lower valent oxide.® The metallic ions of 
the reduced oxide would contam unpaired electrons, and it would be 
plausible if these were to interact with the electrons of the double bonds 
of the olefines which, as has been slated, play a key role in cychzation. 
However, the fact that ThOg and ZrOg show c^^clization activit^^ docs not 
fit into this picture. There is practicdll}” no e\’idence for the existence 


TABLE I. —Oxide Catalyst used in Cyclization Reaction 


Composition 
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1 
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1 1 
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1 
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20 

15 

15 

Taylor and Fehrer, 
J. Amer, Chem. Soc., 
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I 94 L 63. 13S7. 
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— 
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27 

15 
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29*1 

12*7 


10 % ThOa 
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! 
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11-7 


CeOa gel 

$» 
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12-8 

5*4 
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tf 
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20 

8 

12 


10 % MoOa 
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50 % 

«-Heptane 

-f-M-heptene 
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12 1 

! 

1 

? 

1 

Herington and Rideal 
Proc. Roy. Soc. A, 
1945,184,434. 

M0S3 : 

w-Heptane 
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; 
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%vith that of 
Cr.O, 

Moldawski and 
Kamuscher, Conipt. 
rend, U.S.S.R., 1936, 
L 355 J A.C.S.Abstr.,. 
1936, 30. 6713. 

10 % LO3 
on alumina 

S^Tithine’' 
fraction 
boihng 
j 83 '»-i38'^ C 

1 

500 

1 

1 

1 

i 

1 

II -4 

i 

1 

II -2 

Kazanski, Sergienko, 
and Zelinski, Compt. 
rend., U.S.S.R., 1940^ 
27, 664: A.C.S. 
Absir., 1941, 35, 1387. 


♦ Sjuthine, synthetic gasoline fraction, containing mainly «-parafiins (octane * 
rating lo). 


of oxides of these elements in a lower state of valency; particularly 
there is no reason to believe that either ThO* or ZrO* could be reduced 
by hydrogen or hydrocarbons under the reaction conditions (450-550® C). 
Qu the oidier hand, the quadrivalent ions of Th and Zr have rare gas elec¬ 
tron shells, and an interaction of unpaired electrons with those of the 
double bond of olefines is not possible in these cases. It could be argued 
that the acthdty of ThO# is considerably beloiv that of chromium oxide 
or molybdenum oxide (reaction temperature, 550®, as compared with 
475'^ C, see Table I), but ZrO*, though less active^ than Cr02, compares 
at least as to order of magnitude with the latter. 
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The view described, which assumes the metallic cation to be the main 
active centre of the catalyst, ignores a possible role of the oxygen anions. 
A possible function of these may be their conversion into a hydroxyl 
ion by interaction with a hydrogen of a hydrocarbon ; the residual alkyl 
radical may then interact with the metallic cation to form a bond, as 
suggested previously. Such a reaction may possibly take place on the 
surface of a catalyst, even if it is not possible that such a reduction could 
take place in bulk. 

Identity of Catalytic Centres for Cyclization, Dehydrogenation and 
Isomerization.—^The kinetic studies of the cyclization reaction lead one 
to several interesting conclusions regarding the nature of the catal3d:ic 
centres and the mode of attachment of the substrate to the catalyst. 
It has been mentioned already that starting from a paraffin the corre¬ 
sponding olefine is formed as intermediate product of the cyclization 
reaction.* This is demonstrated by the following scheme referring to 
the cyclization cf ^2-heptane to give toluene : 

w-heptane -► w-heptene -► toluene. 

Assuming equilibrium between adsorbed substrate and the substrate 
in the vapour phase, it can be shown that, wfithin a certain range of contact 
times, the olefine (^a-heptene) is present in a stationary concentration, and 
the ratio of cyclization to dehydrogenation rate is then given simply by 

dehydrogenation rate __ ^1 __ ^>{heptene) . . 

cyclization rate ^(heptane)* * • \ ) 

where kx and are rate constants, ^(heptane) and ^(heptane) are the 
partial pressures of w-heptene and w-heptane respectively. Thus, as 
previously stated, the olefine (w-heptene) is an intermediate in the re¬ 
action. It has also been shown that the olefine represses the dehydro¬ 
genation of the paraffin, by displacing it from the catalytic surface due 
to its stronger adsorption on the catalyst.® Thus identical parts of the 
catalytic surface axe involved in the adsorption of olefines and paraffins, 
which makes it likety that the active centres for dehydrogenation and 
cyclization are also identical. A stronger support for this view can be 
obtained from poisoning efiects which occur in prolonged runs extending 
over a period of hours.® Under these conditions, the cyclization activity 
of all oxide catalysts declines at varying rates, due to the accumulation 
of surface polymers which block the access to the catalytic centres. 

Using eqn. (i), it can be sho^vn that this self-poisoning effect reduces 
the dehydrogenation rate to very” nearly the same extent as the cycliza¬ 
tion itself. The relevant data are collected in Table II, where the 
cyclization activity is measured by’ the amount of the aromatic compound 
formed, and the ratio of cyxlization to dehydrogenation rate, as cal¬ 
culated from (i), is given as a function of the duration of the run. 

It will be seen that whilst the cyxlization rate declines by a factor of 
four, the ratio of cyclization to dehydrogenation rate does not alter by 
more than 20 %. One must conclude therefore, that the poisoning eficcts 
reduce both rates to very nearly the same degree, and that identical 
cataly’tic centres are involved in both reactions. 

Equally it has been shown that isomerization takes place simultane¬ 
ously with cyclization.® The relevant experiments were carried out with 
w-octane which, on cyclization gives, in addition to o-xylene, some 
ethylbenzene, w-xylene and ^-xylene. Whilst o-xylene and ethylbenzene 
are to be expected by the simple cyclization process, the M^-xylene and 
^xylene can be formed only if an isomerization step is included in the 
sequence of the reactions. It has been shown that neither c^- or ^-xylene, 
nor ethylbenzene, nor the corresponding di-methyl-cyclohexanes, are 

*Taydor and Fehrer, J. Amer. Chem. Soc., 1941, 63, 1387. 

® Steiner, ibid., i945» <^7* 2052. 
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isomerized under reaction conditions; therefore isomerization cannot 
take place after cyclization of the paraf&n. On the other hand, cycliza- 
tion of octane and octane-octene mixtures, at two different temperatures 
and with different catalysts, leads to identical products; therefore iso¬ 
merization cannot precede the dehydrogenation step. These results 
taken together would indicate that isomerization is simultaneous with 
cyclization, and this again strongly suggests that identical catalytic 
centres are involved in both reactions. 


TABLE II.— Progressive Poisoning of Cyclization Catalyst 

-{- lo % Zr02) 


Reaction Penod j 

i 

Mole % of Liquid Product 

Heptene 

Heptane | 

j Heptene 

Toluene 

Heptane 

ist half-hour . . ; 

48 

12 

40 

0*25 

2nd half-hour . 

59 

14 

27 

0*24 

3rd half-hour . 

68*5 

14-5 

17 

0-21 

4th half-hour . 

74 

15 

II 

0*20 


One fact which emerges clearly from the experimental data available, 
and which is in line with general experience, is the much stronger ad¬ 
sorption of olefines, as compared with paraffins. This is shown by the 
fact that in the case of a paraffin being cyclized this has to compete with 
the olefine for the available surface, and is actually largely displaced by it. 

One must conclude that the stronger adsorption of olefines is due 
to the presence of a double bond in the hydrocarbon chain. It is then 
plausible to assume that adsorption takes place by two-point attachment 
involving opening of the double bond and formation of links with the 
catalyst. 

This mechanism has been put forward by Twigg and has been sup¬ 
ported by further evidence.^® According to Twigg's scheme, which is 
demonstrated below by the example heptane to toluene, the intermediate 
olefine (heptene) is adsorbed on the double bond of carbon atoms i and 2 
of the chain (Fig. la), and cyclization would then cccui between carbon 
atoms I and 6, with simultaneous splitting of the hydrogen atom from 
carbon atom 6. Similarly, adsorption on carbon atoms 2-3, and cycliza¬ 
tion betw'een atoms 2 and 6, could then take place (Fig. ib). 


(a) 

CH*—CHs 
CHa—CHa 

6h 

^t. Cat. 

New bond 
to be formed. 


Fig. I. 


{b) 

CH,—CHj 

CHy-CH— c'H 

1 dat. Ca.t. 

New bond 
to be formed. 


Further support for this view, or at any rate for an attachment via 
the double bond and not via a single carbon atom only, was obtained 
by Herington and Rideal.* Comparing a number of paraffins by the 
simple cyclization mechanism described previously, it could be shown 
that the relative rates of cyclization on a chromium oxide-aluixuna 
catalyst are given simply by the number of two-point attachments which. 


Twigg, Trans, Faraday Soc,, 1939, 35, 934. 
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according to Twigg’s picture, are favourable for cyclization, over the 
total number of possible two-point attachments, that is, the number of 
bonds. 

Structure of Supported Oxide Catalysts.—Many of the most active 
catalysts for cyclization are obtained by supporting an active oxide 
like chromium-oxide, or molybdenum-oxide, on alumma, which by itself 
is not active. The alumina used has to have a large internal surface, 
as measured by nitrogen adsorption, and for highest catalytic activity 
has to be present in the y-form.^^ 

Considerable light on the structure of these catalysts has been obtained 
recently by Selwood and Eischens,!^ as reported in this Discussion. In 
this paper use \viU be made of one conclusion reached by Selwood in his 
work on chromium oxide. By comparing the catalytic acthit^^ magnetic 
susceptibility and internal surface of catalysts having varj'ing quantities 
of chromium oxide on an alumina support, Selwood came to the con¬ 
clusion that the chromium oxide, instead of spreading over the internal 
surface of the alumina in a mono-layer, rather forms clusters, which 
build up in thicknesses of two, 01 even three, layers situated on top of 
each other. 

It is of interest to compare with this picture, and with the results 
obtained by Selwood, the work of Russell on molybdenum oxide de¬ 
posited on alumina.^® Russell in comparing the activity of such catalysts 
of known internal surface, found that the activity increased with in¬ 
creasing molybdenum concentration up to a point where the concentration 
of active oxide is such that, spread out in a monolayer, it covers ap¬ 
proximately the entire surface of the alumina. WTien this point is reached 
the activity remains practically constant. 

It must be noted that RusseU's way of plotting his results differs 
from that of Selwood. Selwood carried out his experiments in such a 
way that in every run the same quantity of active catalytic substance 
was present; that is, in case a more concentrated catalyst was used 
this -was diluted by mingling it with alumina -which had not been im¬ 
pregnated with active oxide. As a result his activities are based on a 
unit weight of catalytically active oxide, and are comparable with 
Russell's only if the latter are calculated on the same basis. If this 
is done the very interesting result emerges that the catalytic acti\i-ty 
of Russell’s M0O2—^Al203 catalysts is constant until a monolaj’er is 
formed, and after that declines in proportion to the increasing concen¬ 
tration. 

We have, therefore, here a contrast between chromium oxide catalysts, 
which appear to form clusters—^the catah-tic acti-^nty of which declines 
in proportion to their groviih—and the molybdenum oxide catalysts, 
where the active material spreads out in the form of a monolayer, the 
catalytic activity of which is constant until the monolayer is approximately 
complete. 

In this connection it is worth while recalling the mode of preparation 
of these catalysts. Generally, a concentrated solution of the watei- 
soluble salt of the active substance is absorbed by the alumina, and it 
is then heated to some 600-800® C. In most caises the salt is in a higher 
oxidation state. With chromium this is the chromate, -w-ith molybdenum, 
the molybdate. 

On calcination chromium trioxide decomposes, leaving CrjOj, but 
molybdenum trioxide is stable and remains in this oxidation state. 

CrgOs has an extremely low vapour pressure at the calcining temper¬ 
ature, whilst that of molybdenum trioxide is appreciable (o*i mm. Hg 

Archibald and Greensfelder, Ind. Eng, Chem., 1945, 37, 356. 

^*Eischens and Selwood, /. Amer, Ckem. Soc., 1948, 70, 2271; I947i < 59 , 
1590 ; i 947 » <59. 2698. 

“ Russell and Stokes, Ind, Eng. Chem., 1946, 38, 1071 ; 1948, 38, 520. 
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at 600° C). Thus it is probable that molybdenum trioxide is able to 
spread out over the total surface by evaporation and re-adsorption, 
whereas this is not possible \vith chromium oxide. It seems reasonable, 
therefore, that by this mechanism molybdenum trioxide can distribute 
itself over the entire surface of the support, in contrast to Ct^Oz. 

Peivocarhon Ltd,, 

Twining Road, 

yiamhester 17. 


CHEMISTRY OF THE SURFACE AND THE 
ACTIVITY OF ALUMINA-SILICA 
CRACKING CATALYST 

By M. W. Tamele 
Received yth Fehntary, 1950 

Alumina-silica cracking catalyst owes its activity primarily to a number 
of acid sites located in the catalyst surface. These sites are formed in the pre¬ 
paration of catalyst by the condensation of the surface hydroxyl groups of the 
incompletely polymerized silica hydrogel 'with the hydroxyl groups of the 
hydrolyzed aluminium ions. The formation of acid is explained by the known 
tendency of the aluminium atom to acquire a pair of electrons, enhanced by 
the displacement of electrons in the A 1 —O—Si bonds towards the silicon atom 
carrjdng four positive charges. The electron pair is donated by water, the 
hydrox>d group becomes part of the structure, and the hydrogen ion is held by 
electrostatic attraction. The activity of the catalyst is thus reduced to the 
same general basis as the acti'vity of aluminium halides. 

The acidity (acid strength) of the surface of the catalyst has been shown to 
be in the range of strong acids known to promote hydrocarbon reactions. A 
linear relationship was found between the activity of the catalyst for pol^mier- 
ization of propylene and the number of acid sites in the surface. A more 
complex relationship was observed in the cracking of isopropylbenzene. 


Because of the great importance of the catal3i:ic cracking process to 
the petroleum industry, investigation of cracking catalysts has been a 
subject of study in the Emety^tdlle Laboratories of Shell Development 
Company for some ten years. Alumina-silica cracking catalyst has re¬ 
ceived most attention although it is not the most active, nor the most 
stable catalj’st that can be prepared. However, the process employing 
this catalyst has proved, in many instances, to be the most satisfactory 
when \*arious industrial factors, such as cost and availability of raw 
materials and design of existing cracking units, are taken into con¬ 
sideration. 

In the cracking of petroleum, the alumina-silica catalyst performs many 
funciions besides cracking in the sense of breaking the carbon-to-carbon 
bonds. Thus, at the usual temperatures of ca, 450-550® C, besides the 
cracking of paraffins and naphthenes concomitant reactions occur, such 
as double-bond shift in the olefins formed, cyclization and skeletal iso¬ 
merization, hydrogen transfer, and polymerization (probably of diolefins 
and of higher aromatics) to coke-like polymeric matei^. At temperatures 
below those of cracking, alumina-silica catalyst promotes various other 
hydrocarbon reactions, such as polymerization of olefins, and certain 
aikylation reactions. 
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All these varied reactions have one feature in common, that is, they 
are all promoted by a variety of acid catalysts. It should be noted, 
however, that most of these reactions do not take place by an acceleration 
of thermal cracking reactions by the catalyst, but are brought about by 
the specific capacity of the cracking catalyst to promote these reactions 
qualitatively different from thermal cracking reactions.^ It is further 
to be considered that the catal37st is a physical, solid body with a character¬ 
istic structure and a definite boundary surface, and cannot be satisfac¬ 
torily represented by one or two of the molecular units of which it is 
composed ; the chemical composition and the architecture of the accessible 
surface are of great importance. 

Physical and Ghei^cal Properties of Alumina-Silica Catalyst.— 
Some ten years ago alumina-silica vras considered by many to be a com¬ 
bination of two oxides, alumina and silica; * and since it has been known 
for some time that both silica and alumina alone have low activity for 
cracking, it was not readily obvious which phj’sical or chemical properties 
of the combination of the two oxides should be responsible for its high 
acthfity. 

Alumina-silica catalyst is an amorphous material, not convertible 
into the ciy’stalhne state without a substantial loss of acti\dty and pro¬ 
found chemical alteration, and thus it is not accessible to study by 
methods applicable to crj-stalline materials. It was hoped, therefore, 
that by a careful study of the chemistry of its preparation and of its physical 
and chemical properties, some clues would be found to its rather surprising 
cataljdiic activity. 

It was established first that silica gel in any known phj’sical form is 
practically inactive. For these studies silica gel was prepared by ]VIr. 
L. B. Ryiand in this laboratory in a great range of physical forms by a 
wide variation of the conditions of preparation of silica hydrogel and 
by various treatments of the dried gel. The variations in physical struc¬ 
ture were established by a study of the low-temperature nitrogen- 
adsorption isotherms, and the specimens tested were found to range in 
surface areas from a few to 800 m.®/g., and in average pore diameter from 
less than 10 to 150 A.® 

Minor variations in activity were soon found to be traceable to 
incidental variations in the content of impurities, principally aluminium, 
which appears to accompany all available silicates. When a method 
was found to remove such impurities, silica gel was shown to be com- 
pleteh^ inactive for acid-catalyzed reactions.* 

Alumina was then prepared in a number of physical forms by variation 
of the conditions of preparation, but no substantially active material 
was discovered. Some actirity, although low, was found even in the 
most carefully purified materials. It is conceivable that this low activity 
is characteristic of pure alumina.® 

It appeared reasonably safe to conclude at this time that the physical 
characteristics do not contribute substantially to the acthuty of either 

^ Greensfelder, Voge and Good, Ind. Eng. Chem., 1949, 41, 2573. 

® However, the acidity of alumina-silica catalyst was recognized early by 
the workers at the Universal Oil Products Company during their development 
of industrial methods of manufacture. Cf., e.g., Thomas and Ahlberg, U.S, 
Pat. 2,229,353, also, Thomas, Ind. Eng. Chem., 1949. 41, 2564. 

® Tamele, Byck, Ryiand and Vinograd, ** The Influence of Certain Prepara¬ 
tive Variables on the Pore Structure of Silica Gel ”. Paper presented at noth 
Meeting, Americal Chemical Society, Chicago, Illinois, September, 1946. (Cf. 
Abstracts of Papers, p. 21E.) Tamele, Byck, Ronay and Vinograd, The 
Influence of Steam and Anhydrous Calcination on the Pore Structure of Silica 
Gel Paper presented at 112th Meeting, American Chemical Society, New 
York, N.y., September, 1947. Abstracts of Papers, p. 4F.) 

* Schlaffer, Rampino, and Ryiand, unpublished results, 

® Vinograd, Ronay and Schlaffer, unpublished results. 
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silica or alumina, and that this conclusion would hold as well for a mixture 
of the two substances.® It was decided then to examine the possible 
chemical interaction of the two oxides. The following observations are 
based mostly on Mr. Ryland*s experimental work. 

In spite of many variations in the existing industrial processes, the 
essential step appeared to be the precipitation of alumina from an alu¬ 
minium salt in presence of an excess of silica hydrogel. Thus, for instance, 
an active alumina-silica catalyst can be obtained by suspending silica 
hydrogel in aluminium sulphate solution, and adding enough ammonia 
calculated to precipitate all alluminium present, but leaving the final 
slurry slightly acidic. The precipitate is then thoroughly washed to 
remove electrol5d:es, dried, and calcined at ca. 500° C; the amount of 
aluminium usually is c] 
finished dried cat^yst. 

It appeared soon that this sequence of operations was essential in 
order to obtain an active catalyst and that various admixtures of pre¬ 
viously prepared pure oxides resulted in catalysts of substantially lower 
activity. The possibility was therefore considered that freshly prepared 
silica gel may even m acidic medium interact in some way with fresh 
alumina, just as sodium silicate may react with sodium aluminate in 
strongly alkaline environment with formation of complex alumino-silicates. 
It w^s then observed qualitatively that upon addition of an aluminium 
salt to a silica sol (of pH 4-5) the mixture becomes strongly acid. Upon 
mixing fresh, neutral silica sol with fresh, neutral alumina sol, strong 
acid reaction developed. 

It was likewise observed that the materials prepared by precipitation 
of aluminium hydroxide by sodium hydroxide in presence of approxim¬ 
ately neutral silica gel retained substantial amounts of sodium, even 
after thorough removal of sodium chloride. The sodium held in this 
manner was very readily replaced by H+ ions, or by NH41+ ions, as well 
as by cationic dyes, e.g. methylene blue. It was concluded that the 
precipitate contained, besides an excess of silica and some free aluminium 
hydroxide, some acidic material, essentially water-insoluble, and capable 
of a rapid cation exchange. It was considered probable that the reaction 
wras taking place between the fresh silica gel and the intermediate hydrolysis 
products which normally precede formation of insoluble alumina. 

Precipitation of aluminium hydroxide by hydrolysis of aluminium 
salts is readily traceable by the potentiometric method and has been found 
to occur within a narrow range of pH values, dependent on the con¬ 
centration of the solution.’^ It appeared, therefore, likely that if there 
is any interaction between silica gel and aluminium ions or aluminium 
hydroxide in the process of preparation of the catalyst, it would be readily 
detected by the potentiometric method. 

It was found in this way that in the presence of an excess of silica 
sol, no free aluminium hydroxide is precipitated by the addition of a 
base to aluminium salt solutions. Instead, at an acidity level higher 
(ca. I pH unit lower) than corresponds to the precipitation of aluminium 
hydroxide, the primary products of hydrolysis of aluminium ions are 
consumed by the interaction with silica sol particles. One equivalent of 
acid is produced for each atom of aluminium consumed in this reaction, 
indicating the formation of an alumino-silidc acid, so that ultimately 
four equivalents of a base are required to reach neutrality for each alu¬ 
minium atom present. All aluminium ions are consumed by this reaction 
if an excess of s^ca sol is present (cf. Fig. i). No visible precipitate is 
formed and the insoluble alkali salt remains in the sol form; it can be 

•Physical structure of cracking catalyst is, neverthdess, of industrial im¬ 
portance. Cf.. e.g., Ryland and Tamele, t/.S. Pat. 2,469,314. 

’Cf. e.g. Britton, Hydrogen Jons, 2nd Edn. ( 0 . van Nostrand Company, 
Inc., New York, N.Y., 1932), p. 305. 
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converted to gel or coagulated by a decrease of acidity to pH 5 or higher.® 
This reaction proceeds equally well with freshly formed silica gel, less 
readily with aged gels, and only very slowly with thoroughly aged silica 
gel. 



Fig. I. —Formation of alumina-silica complex. 

1. Titration of hydrochloric acid with sodium silicate (silica sol formed). 

2. Titration of hydrochloric acid, containing a small amount of aluminium 
chloride, with sodium hydroxide (aluminium hydroxide precipitated). 

3. Titration of hydrochloric acid, containing the same amount of aluminium 
chloride as in 2, with sodium silicate (alumina-silica complex formed). 

When sodium hydroxide was used for neutralization in presence of 
fresh silica sol, the solid separated by coagulation was found to contain 
one equivalent of sodium per atom of aluminium for a wide range of 
compositions (Fig. 2). The stoichiometric relation to silica appeared 

Stoichiometnc Rotioof No/AI m Siiico Complex 



Fig. 2. —Stoichiometric ratio of sodium to aluminium in alumina-silica 

complex. 

indefinite, and the efforts to prepare a definite compound by various 
alternative procedures were unsuccessful, although a minimum of some 
four silicon atoms to one atom of aluminium appears necessar}’-. The 
dry, solid sodium salt almost instantaneously exchanges sodium for other 
cations (e.g. hydrogen, ammonium ions, cationic dyes), and it is considered, 
therefore, that all sodium and aluminium ions are on the available surface 
of the solid. 

® Tamele and Ryland, ** The Acidity of Alumina-Silica Cracking Catalysts 
Paper presented at the 115th Meeting, American Chemical Society, San Francisco, 
Calif., March, i949- (Cf. Abstract of Papers, pp. 70-00.) 
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All this indicates that the complex acid is formed by condensation 
of the hydroxyl groups of the primary hydrolysis products of aluminium 
ions "with the hydroxyl groups of the mcompletely polymerized silica sol 
or gel particles, and in such a way, that at the point of attachment of 
aluminium copoly’merization ceases and a deficiency of positive charge 
is created which is compensated by* the attachment of a monovalent 
cation to this point to preserve electrostatic neutrality. Smce in acid 
medium the aluminium ion (co-ordination number 6) can carry^ at the 
most only three hy^droxyl groups, a neutral condensation product would 
be expected. The appearance of acidity is undoubtedly traceable to the 
known tendency of aluminium atom to acquire a pair of electrons to fill 
its p-orbital, enhanced in this case by co-ordmating aluminium atoms 
carrying three positive charges with oxy^gens attached to silicon carrying 
four positive charges. In the extreme case of combination of three such 
groups with central aluminium atom, the surface group could be pictured 
as follo^vs : 

H 

: 6 : 

—Si; 0 : -<-Al->• : 0 :Si— 


Si 

I 

the arrows indicating the displacement of electrons by the proximity of 
silicon ions. In aqueous medium, the electron pair is donated by water, 
the hy^droxyd group becomes a part of the solid structure, with hy'-drogen 
ion held not too strongly by^ electrostatic attraction. In the thoroughly’- 
dehydrated state the catalyrst surface becomes a Lewis acid—^an electron 
pair acceptor. 

It was considered probable that such acid groups located on the 
surface of the catalyst are related to the activity. The prospect 
that the activityi^ of alumina-silica catalyst may be reduced to the same 
general basis as the activity of aluminium halides was rather encouraging. 
Aluminium halides exhibit acidity, being electron pair acceptors, and 
structures such as HAICI4 or HAlClgOH are often postulated by workers 
in this field to account for the catalytic activity\ 

In order to examine the possible relation of the acidity to activity two 
things were needed : firstly, an estimate of the acid strength of the 
alumina-silica complex, since only strong acids are known to promote 
hydrocarbon reactions ; and secondly, techniques of counting the number 
of acid centres on the catalyst surface in order to relate activity with 
acidity quantitatively. 

Estimate of the Add Strength.—^An exact evaluation of the acid 
strength of a solid acid is by no means a simple problem, and we are now 
engaged in this -work. It can be expected that sorption of ammonia, 
a gaseous base, should provide some information. If the acid can be 
converted into an ammonium salt, the vapour pressure of ammonia from 
the a mm onium salt could be used, under certain circumstances, as a 
measure of acid strength, since in the decomposition of the ammonium 
salt, the major processes are the liberation of ammonia and the return 
of the proton to the acid anion. The weaker the acid, the more energy 
will become available to accomplish the decomposition, owing to the 
ready’’ acceptance of the proton by’’ the acid. Much more energy should 
be required to decompose an ammonium salt of a strong acid. Fig. 3 
shows the smoothed curves of all available data on ammonia vapour 
pressures of ammonium salts of a number of acids. The data for am¬ 
monium sulphate were obtained in this laboratory. It is seen that the 
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relative position of the curves with respect to the temperature axis agrees 
qualitatively with known or estimated acid strengths. 

For non-protonic or Lewis acids, the energy of chemisorption of 
ammonia should be a measure of acid strength. The adsorption of am¬ 
monia on catal3rsts is being studied by Mr. E. E. Roper and appears to 



Fig. 3.—^^’'apou^ pressure of various ammonium salts as a function of temperature. 

be a very complex phenomenon since besides chemisorption, physical 
adsorption and capillary condensation may occur simultaneously. 
Nevertheless, the uptake of ammonia by chemisorption is readily 
e\ident upon exposure of a catalj’st to ammonia vapours and, in some 
favourable instances, can be separated from the accompanying com¬ 
plications. Fig. 4 shows the uptake of ammonia by a cracking catalyst 



Fig. 4.—Surface concentration of ammonia on pure silica gel (i) and on an 
alumina-silica catalyst (2) as a function of temperature. 

NH3 pressure 7*5 cm. Hg. 

and by a silica gel of similar physical structure. The cracking catalyst 
retained a larger amount of ammonia than silica gel, and the excess, 
although it is not constant over the whole range of temperature owing 
to the complicating factors mentioned above, is a rough measure of the 
amount chemisorbed. An exact quantitative treatment of these and 
similar measurements cannot be dealt with in this paper. 
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For the present purpose of estimating the acid strength of the alumina- 
silica gel complex, the beha\iour of the ammonium salt of the complex 
as observed by Mr. Roper viU be described. This salt was obtained by 
Mr. Ryland b^’* the treatment of the sodium salt, described earlier, with 
aqueous ammonium chloride. The ammonium salt contained 3*5 mcquiv. 
of ammonia per gram of dn,- solid. Following drying at 120® C, the salt 
was exhaustively outgassed at temperatures increasing in steps of ca. 
20-50®, and the amounts of water and of ammonia given off after 2 hr. 
of exhaustive e^'acuation at each stage were determined. This treatment 
was found to be sufficient to collect substantially all the ^vater and am¬ 
monia available at each stage from the salt. Fig. 5 shows that at about 



TEMPERATURE OF SOLID , “C 

Fig. 5.—^Evolution of water and ammonia from an ammonium salt of alumina- 
silica complex as a function of temperature. 

180® C, the physically adsorbed water was substantially removed. At 
this point the evolution of ammonia began, accompanied by vrater 
escaping somewhat ahead of ammonia; nevertheless ultimately an 
equimolar amount of water and ammonia was obtained above 180° C. 

This experiment is believed to represent decomposition of the ammonium 
salt with formation of the corresponding Lewis acid which retards liber¬ 
ation of amm onia by strong chemisorption via the electron pair of nitrogen. 
The progressively increasing di ffi culty of the decomposition of the ammonia 
complex, the last traces of which can be removed only by exhaustive 
ev^uation at 500® C, demonstrates the high ** acidity attained by the 
sohd at and above 500° C. These observations suggest that the apparent 
acidity of the solid is dependent on the composition of the solid; this 
can be expected, considering that the ammonia-alumina-silica complex 
is an inte^al part of the surface and no new phase appears during its 
decomposition. The phenomenon is analogous to chemisorption of 
hydrogen on the surface of a metal, where only one surface phase is 
present. Exact quantitative interpretation has not been attempted 
since, as yet, the reversibility of these phenomena has not been established. 

Counting of Acid Groups on Catalyst Surface.—^Since no general 
method of titrating solid acids has ever been devised, a number of methods 
was studied. Titration with aqueous alkali metal hydroxide was found 
inadequate since no definite endpoint could be reached. The titration 
with a weak base in anhydrous medium designed and used here by Mr. 
O. Johnson has been found quite satisfactory. It follows in the main 
the procedme devised by G. N. Lewis for titrating acid-base systems in 
carbon tetrachloride. The method consists of titrating the surface of the 
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solid (suspended in benzene) with ^t-butylamine, using ^-dimethylamino- 
azobenzene as indicator. This indicator is sorbed by the solids and gives 
a red colour to a number of strong solid acids, but does not colour pure 
silica gel or pure alumina. The titration is carried to the disappearance 
of red colour on the solid. w-Butylamine was chosen since it is not too 
volatile, and yet it is not too large a molecule to enter the small pores 
of the catalysts. 

In order to estimate the extent of neutralization of the catalysts with 
«-butylamine and the selected indicator a number of solid acids of known 
strength in aqueous solutions were titrated in the same system. It was 
found that this method detects acids the dissociation constants of which 
are ca, io“* or more in aqueous solution. 

Relation of Acidity to Activity.—^As has been mentioned before, 
cracking catal3’sts promote a number of reactions besides breaking 
carbon-to-carbon bonds. The “ cracking'* process is a complex process 
consisting of a number of such reactions and the purpose is to produce 



ACIDITY (MILLIEQUiVALENTS / GRAM), 500*C DRIED CATALYST 

Fig. 6.—Dependence of isopropylbenzene cracking activity at 500® C on 
acidity for a series of alumina-silica catalj^sts, 

Catalj^st ... A B c D E F 

AI2OS, % . . . 0*12 0-32 1-04 2*05 3-56 10*3 

a gasoline of certain desirable characteristics from higher boiling 
petroleum fractions (e.g. gas oils). For examination of activity in rela¬ 
tion to acidit}’', a number of reactions of pure hydrocarbons which proceed 
as much as possible without side reactions w’ere found more suitable,^ 
and some observ’ations of Mr. W. G. SchlafFer on cracking of isopropyl¬ 
benzene at 500° C and Mr. O. Johnson on pol^mierization of propylene 
at 200® C are described here. The catalysts used contained progressively 
larger amounts of alumina and were prepared by the interaction of one 
silica gel with measured amounts of alumina sol; thus they would not 
be expected to differ radically in phy^sical properties. The same catalysts 
were used in both series of measurements. The acidity of each sample 
was determined bj’’ the above described method, following calcination 
at 200® C and 500® C. 

Cracking of isopropylbenzene was carried out by passing the h5^dro- 
carbon vapours over the catalysts in a stainless steel tube at 500® C at 
various space velocities. The gaseous product was almost pure propylene ; 
the liquid product, a mixture of benzene and isopropylbenzene, was 
separated by distillation for determination of conversion. Since the 
conversion is not a linear function of activity, and reaction constants 
could not be calculated from conversions without knowledge of the 
kinetics of the reaction, values of were calculated from the experiment¬ 
ally derived relationship between space velocity and conversion. These 
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values are proportional to the space velocities necessary to effect an equal 
conversion by the various catalysts. Since these values are directly 
proportional to the reaction rate they have been used as a measure of 
activity (cf. Fig. 6). 

The polymerization rate of prop^dene was studied by a static method. 
The apparatus was an all-glass reaction system which included a mercury 
manometer, and a tube containing o*i g. of the catalyst, kept at 200° C. 
A given amount of prop^dene was introduced to the catalyst (400 mm. 
Hg), and the pressure drop determmed at frequent time intervals. The 
data were found to follow the equation 

dxi&t = k{a — x)/(i + bx), 

corresponding to a first-order reaction retarded by^ the products, {a = 
pressure of propylene, x = pressure drop at time t.) Fig. 7 shows the 



Fig. 7.—Dependence of propydene polymerization activity at 200° C on 
acidity for a series of alumina-silica catalysts. 

Catalyst . . a b c d e f g 

AlaOs,% . . 0-12 0*32 1-04 2*05 3*56 10-3 25-1 

constants k, determined for the series of alumina-silica catalysts, plotted 
against the observed aciditr,^. Fig. 8 shows a similar graph of activities 



Fig. 8.—^Propylene polymerization activities for materials of varying acid 
strength. (A, perchlonc acid; B, silicotungstic acid; C, potassium add 
sulphate or arsenic add. Boric, oxalic, and phthalic adds show no activity.) 
O Alumina-silica catal3rets. □ Magnesia-silica catalysts. 

A Alumina-boria catalyst. O Zirconia-silica catalyst. 

^ Iron-silica catalyst. 
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against acidity for a number of experimental catalysts as well as various 
t3’pes of acids mounted on silica gel. The influence of acid strength on 
activity is apparent. 

In the propylene polymerization a simple linear relationship exists 
between the activity and the number of acid sites on the catalyst surface. 
Apparently the amine method measures adequately all the acid sites of 
catalytic significance for polymerization at 200° C. In the cracking of 
isopropylbenzene at 500° C the reaction rate appears to be directly pro¬ 
portional to the square root • of the number of acid sites. 

The above results leave little doubt that the acid strength and the 
number of acid sites are the major factors determining the activity of 
alumina-silica catalysts. 

Shell Development Company^ 

Emeryville, 

California. 

® A square-root dependence of reaction rate upon catah'st concentration 
has been observed for the stannic-chlonde-catatyzed potymerization of iso- 
but\’lene : Nomsh and Russell, Xature, 1947, 160, 543. 
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A fundamental stud}' of the silica-alumina gel system was carried out to 
investigate the chemistry and structure of cracking catalysts and determine, 
if possible, the critical chemical attributes of silica-alumina which are responsibe 
for catalytic activity. It is the object of this paper to present the results of 
this study. The various studies carried out to establish the important chem¬ 
ical properties are reviewed. This is followed by a summaiy' of the work showing 
the relationship beriveen these chemical properties and the ability of silica- 
alumina to function as a catalyst. Experimental results relating to the struc¬ 
ture axe presented and the probable structure of the calcined form of the catalyst 
is discussed. Finally, the probable mechanisms of hj'drocarbon reactions in 
light of the conclusions on the nature of the ** active centres " of cracking 
catalysts, is discussed. 


Chemical Properties of Silica-Alumina.—^By analogy with other 
catalysts which catal^'ze hydrocarbon reactions, it was suspected that 
silica-alumina catalysts possess acidic characteristics. A number of tests 
were carried out to demonstrate wrhether or not such catalysts had 
acid properties. These tests were (i) reaction with carbonate solutions 
to evolve carbon dioxide, (ii) titration with solutions of bases, (iii) hydro¬ 
lysis of sucrose, (iv) reaction with volatile bases such as ammonia and 
organic nitrogen bases, and (v) reaction with Zerewitinoff reagent.* 
These tests demonstrated unequivocally that the catalyst possessed 
“ acidic properties. 

^ Oblad, ^ lill i k en, Mills, to be published in J. Amer. Chem. Soc. (presented 
at the Gordon Research Conference, Colby College, June, 1949). 

“Mills, Boedeker and Oblad, to he pubhshed in the /. Amer. Chem. Soc. 
(presented at the San Francisco meeting of the Amer. Chem. Soc., April, 1949). 
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Several publications ®» ® recently have appeared in which other 

workers have reached a similar conclusion. The presence of an active 
acid in the catalyst has its counterpart in the base exchange properties 
of zeolitic materials. The base exchange capacity of materials similar 
in composition to cracking catalysts has been related to the *' acidity ” 
of these materials.’ 

Relationship between Acidity and Catalytic Ability.—^The activity 
of the catalyst to crack a hydrocarbon mixture in the CAT—A, test,® 
and to crack cumene,® was found to correlate with the amount of 
carbon dioxide evolved by a catalyst from a carbonate solution, ^ the 
amount of CH4 formed from CHsMgBr, the amount of acid indicated by 
base titration, 1 the rate of sucrose hydrolysis by a given amount of 
catalyst, 1 and the amount of ammonia or nitrogen base (quinoline) 
chemisorbed from the vapour phase.® The correlation of the cracking 
activities of diSerent catalysts with mequiv. of quinoline chemisorbed 
at 315® per g. of catalyst is given in Fig. i. Caution must be exercised 



Fig. I. —Quinoline chemisorption at 316® C as a function of activity for cracking 
light East Texas gas oil. 0 = SiOj—^AljOg (Houdry type S) ; © = SiOo— 
I % AlgOs ; □ = clay catalyst (Filtrol) ; 4- = SiOa—MgO ; V = SiO*—ZrOj. 

in inteirpreting the acidity measured, particularly when measurements 
are in aqueous medium. A further demonstration of the dependence 
of catalytic activity on acidity was found in the observation that a large 
number of other nitrogen bases and potassium and other basic ions *• ® 
are efEectiye poisons for the cracking reactions mentioned. A detailed 
consideration of the adsorption and poisoning effect of basic nitrogen 
compounds leads to the conclusion that a small fraction of the total 
surface is involved in catalytic activity. 

Structure of the Add.—A number of investigators ®» ® have 

suggested that aluminium in a four-co-ordinated position is a source or 
the cause of the acid character of silica-alumina catal3rsts. Very little 
information has been published, however, which will substantiate this 

» Thomas, Ind. Eng, Ghent,, 1949, 41, 2564. 

* Weil-MaJherbe and Weiss, J, Chem, Soc,, 1948, 2164. 

« Tamele (presented at Gordon Research Conference, Colby College, N.H., 
June, 1949). 

•Grcnnall, Ind, Eng, Ghent., 1949, 41,1485. 

’ Kdley, Gaiion Exchange in Soils (Reinhold Publishing Co., New York, 
^948)-. * Alexander, Proc, Anter. Petrol, Inst., 1947, (IIX)» 51. 

• Bitepazh, J, Gen, Ghent, Russ., 1947, I99- 
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suggestion. Ordinary calcined silica-alumina catal5rsts do not show 
structure to X-rays. Likewise, there is little published information on 
the structural chemistry of S3mthetic zeolitic materials. In order to 
shed light on this subject, a study was made of the chemical character¬ 
istics of silica-alumina hydrogels and subsequent dry and heat-treated 
gels. 

The structure of the complex acids possible in a s^’^stem of silica and 
alumina has been developed by Paulhig.^® According to this theory 
isomorphous substitution of a positive ion of different viency for a given 
ion in a cr37stal lattice results in a charge. Thus, if an aluminium ion 
is substituted for a silicon ion in the four-co-ordinated silica lattice, a 
positive deficiency of unit charge is developed for each aluminium ion 
so substituted. Many such silica-alumina structures exist in nature and 
in all cases the induced negative charge is satisfied b^^ the presence of a 
positive ion in the immediate vicinity of the point of substitution. Such 
materials as natural zeolites, montmoiillonite and feldspars are examples 
of this. 

Proof of the applicability of the ideas of structural acids to silica- 
alumina hydrogels and catalysts was obtained in experimental work 
which consisted of stud^dng the physical-chemical properties of the silica- 
alumina system as a function of silica-alumina weight ratio. Samples 
were prepared in hydrogel form by co-precipitatmg sodium silicate \\ith 
either aluminium sulphate or sodium aluminate. Sulphuric acid or 
sodium hydroxide was added during the gel-forming stage to maintain 
the desired pH levels. (For a complete description of the methods used, 
see ref. ii.) Physical processing of the hydrogels was closely controlled. 
Usually the gels were aged at 55° for 4 hr., -washed, exchanged with 
ammonium ion, dried and calcined. The properties studied were base 
exchange, loss by calcination of -water and ammonia, density and crystal 
structure. A plot of the excess mequiv. of Na-^- per g. of silica-alumina 
required to maintain the gel system at pH 7 against weight % alumina 
is shown in Fig. 2. The initial part of the curve from o to 30 % alumina 



Fig. 2.—Kxcess sodium ion required to maintain pH of 7 -v^dth varying alumina 
content silica-alumina hy^drogels. 

is a straight line. The line has a slope which is equivalent to i mole of 
Na“ for each mole of aluminium. Thus, in silica-alumina gel mixtures 
containing up to 30 % alumina, each aluminium ion is effectively’- acting 
as one equivalent of acid. From 30 to 40 % alumina, the ratio of Na 
to A 1 drops off and above 40 % alumina the number of aluminium ions 
holding Na"^ drops rapidly to zero at 100 alumina. On washing the 
hydrogel, Na“^ is retained by the gel and may^ be exchanged for other 
cations. 

Pauling, The Nature of the Chemical Bond (Cornell University Press, New 
York, 2nd Edn., 1948). 
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A second similar seiies of gels was prepared at pH 9. The hydrogel 
was washed, base exchanged with NH4CI at pH 5 and dried. The dried 
gels were analyzed for NH4’^ and Na**". The total ignition loss at 950® 
(in flowing dry air) was determined for the gels dried at 100®, Both 
!N’H4‘^ and HgO are lost upon calcination. The results are sho^vn 311 Tig. 3. 



Fig. 3.— ^Base exchange capacity and water content as a function of weight 
% alumina. -HgO loss between 100-950°; -^NH4+ exchange capacity. 

It can be seen that there is a close correlation between water content and 
zeolitic capacity of gel mixtures containing up to 20 % alumina. Over 
this range the dried gel retains one equivalent of NH4+ per mole of 
aluminium and with this NH4+ there is associated one mole of water 
per mole NH4+, As the alumina content increases above 30 %, the 
zeolitic capacity falls below one equivalent per mole al-uminium and the 
water content becomes irregular. Above 30 % alumina, the zeolitic 
capacity of the gel mixture drops as before and a new water content line 
is found which shows no apparent correlation with the NH4+ content of 
the material. 

Na+ zeolites containing up to 20 % alumina prepared in the same 
manner possessed base exch^ge capacity and water contents exactly 
the same as the NH4+ exchanged gels. For the Na zeolites containing 
up to 20 % alumina the slope of the zeolite capacity and water content 
lines indicates that each aluminium has associated with it one equivalent 
of Na-^ and one mole of HaO. An empirical formula of dried (100®) 
synthetic zeolite may be written as— 

NaA10a{Si0a)»(H20),. 

HaO 

While these data ^ow that complexes involving metal cations or 
NH4'«’ and four-co-ordinate aluminium exist in the silica-alumina gel 
system, the existence of the same complex involving H+ must be proved. 

Additional work indicates that such acids, if formed at all, are 
extremely unstable and few, if any, even survive the temperatures reached 
in drying the hydrogels (100®). The H+ exchanged gels upon drying lose 
zeolitic properties and the water content siofts.^^ The incremental 
water content as a function of increasing AljOa content of the acidified 
gels was found to be 1*5 HjO per Al. This water content corresponds to 
3(OH) per aluminium. This was interpreted to mean that the bulk of 
the alumina in the acidific gel shifted to hydrargiUite or bayerite (Al(OH) 3). 
Through this transformation the gel loses its ** acid ” properties. 

It, thus, has been deduced that salt-like complexes of silica-alumina 
gel niixtures in which the aluminium is four-co-ordinated, can exist in 


^^Milliken and Cornelius, /. Amer. Chem. Soc., (to be published). 
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the presence of cations such as Na+, K+ and NH4+, but that the removal 
of such ions in the hydrogel results in a loss of the acidic property. The 
so-called acid exchanged synthetic zeolites are not acids at all. The acid 
form is not stable even at room temperature. Furthermore, the NH4'*' 
exchanged silica-like alumina (the usual end-product in catalyst manu¬ 
facture prior to calcination) loses NH3 over a fairly wide temperature 
range. Ammonia is first detected as coming oS at 220® and is lost steadily 
up to 550°. At this temperature, all the NH4+ has been lost. ^Vhat 
are the transformations that occur during the loss of NH4+ ? 

X-ray spectra of silica-alumina mixtures containing up to 25 to 30 % 
alumina indicate that the gel mixtures are amorphous. Elkins et alJ^^ 
studied mixtures of silica and alumina hydrogels which had been calcined 
at 120® and 540®. They concluded that those mixtures having alumina 
contents up to 26 % were amorphous to X-rays. Above this percentage 
these authors found mixtures of boehmite (AljOs . HaO) and hydraxgilhte 
(AlaOa . 3H2O) present in the gels heated to 120® and y-alumina in mixtures 
heated to 540®. They also determined particle sizes of the mixtures by 
low-angle X-ray scattering. The maximum particle size was found to 
be between 30 and 65 A for gels having alumina contents up to 19-8 ®,o 
alumina. 

It is well known that cn^’stal structures of particles much under 100 A 
cannot be determined by X-ray diffraction. Therefore, other methods 
of determining the structure of the catalyst after heat treatment must 
be used. The authors have measured the density (using water displace¬ 
ment) of the skeletal solids in silica-alumina gels heat treated to 760® 
in dried air. The density increases linearly with increasmg alumina 
content (Fig. 4). The slope of the line in Fig, 4 for alumina contents 



Fig. 4.—^Effect of alumina content on specific gravity of heat-treated silica- 

alumina catalysts. 

less than 20 % indicates that the added alumina has a density of 3*65 g. 
per ml. This compares closely with the density of 100 % y-alumina 
prepared in the same fashion as the gel mixtures, 3*8 g. per ml. Actually, 
the density of four-co-ordinated alumina should be slightly less than that 
of silica. It wus deduced, therefore, that the decomposition product of 
the ammonium zeolite is a mixture of y-alumina and silica, with aU or 
nearly all the alumina existing in the y-alumina form. The discontinuity^ 
shown in the curve at 22 % to 38 % aluminium falls in the same range as 
the break in the base exchMge capacity curves discussed earlier. It also 
corresponds to the percentage alumina at w'hich Elkins et found 
detectable amounts of alumina in silica-alumina gel mixtures by X-ray 
examination. 


Elkins, Shull and Roess, Jnd. Eng, Chem., 1945, 37, 327. 
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If the same series of silica-alumina gels is heated to ii6o° and then 
examined by X-ray, relatively strong patterns are obtained.i The 
silica containing no alumina gives a weak pattern of cristobalite. Kreji 
and Ott 13 and Schulman i* also found weak cristobalite patterns in heated 
silica gels. The existence of cristobalite at this temperature is remarkable 
since the expected form is tridjmite. In a calcined silica-alumina 
mixture containing about 2 % alumina, the pattern of cristobalite is 
greatly strengthened and the full cristobalite pattern becomes visible. 
In mixtures containing more alumina, the cristobalite pattern be¬ 
comes weaker. At 15 % Q-lumina the pattern is lost altogether. From 
15 % "to 36 % alumina the predominant pattern of the silica-alumina 
mixture is that of muUite. Above 50 % alumina, a-alumina or corundum 
are apparent. The most significant fact is the great strengthening of 
the cristobalite pattern in silica induced by small amounts of alumma. 
The full signihcance of this observation will be discussed later. On 
reviewing the data, a calcined silica-alumina mixture was concluded 
to be simply a mbdure of silica and alumina particles with silicon and 
aluminium ions sharing oxygen ions at the points of contact. 

Alumina is an amphoteric substance and can act like an acid or a base 
depending upon its environment. Under conditions that cause the 
alumina to act as an acid it is in a four-co-ordinate state. Sodium 
aluminate and potassium aluminate are ring structures of six alumina 
tetrahedra with an enclosed potassium or sodium ion.^® This structure 
is not formed in solutions below pH 12. Sodium aluminate solutions, 
unless stabilized, tend to deteriorate to bayerite and sodium hydroxide.^® 
The low” temperature forms of alumina are generally boehmite, bayerite 
and hydrargillite. In these substances the aluminium ion is six-co¬ 
ordinate, sharing valency bonds with six oxygens.^’* The ability of 
aluminium ions to exist in both the four-co-ordinate and six-co-ordinate 
crystalline state is related to its small ionic radius 0*5 A, which is small 
enough to allow an aluminium ion to fit between four close-packed oxygens 
or six close-packed oxygens. The various crystal forms of alumina are 
arrangements involving one or both of the co-ordination states of aluminium. 
In y-alumina a complex state is found which probably is made up of both 
four- and six-co-ordinate aluminium ions and combined water as OH. 
y-Alumina upon heating loses OH and gradually shifts to a-alumina. 
This shift is complete at 1000®. The y-alumina existing at temperatures 
between 400® and 700® is the most interesting from the \iewpomt of 
hydrocarbon catalysis. Jellinek et al. were unable to define the structure 
of y-alumina.^® 

Silica occurs in four major modifications—quaxtz, tridymite, cristo¬ 
balite and ■\dtreous. The silicon crystal ion is four-co-ordinate in all 
forms. The various crystal structures of silica are merely different ar¬ 
rangements of the tetrahedra. The structures of most interest to in¬ 
vestigators of catalysts are cristobalite and vitreous silica. There is 
reason to believe that cristobalite or a structure very close to it exists in 
silica gel. Since cristobalite has the same structure as potassium 
aluminate without the potassium ion in the centre of the ring of alu m i ni um 
tetrahedra, the infiuence of the silica on the crystal habit of alumina 
is probably great. When mixtures of alumina and silica hydrogel are 
made (by coprecipitation or by mixing wet gels) interbonding of silicon 
and alumina ions occurs. Interbonding is brought about by the con¬ 
densation of the hydroxyls existing at the interfece between silica and 

^3 Kreji and Ott, /. Physic. Chern,, 1931, 35, 2061. 

Schulman, Claffy and Ginther, Amer. Miner, I949» 34» 68, 

“ Barth, /. Chem. Physics, 1935, 3, 323. 

Thibon, Bull. Soc. Chim., 1948, 870. 

Reicherts and Yost, J. Chem. Physics, 1946, 14, 495. 

“ Megaw, Z, Krist., 1934, 87, 185. 

Jellinek and Fankuchen, Ind. Eng. Chem., 1949* 2259. 
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alumina particles. The tetrahedral stiucture of the silica being extremely 
stable will influence the co-ordination of the oxygen around the alu¬ 
minium ion. If bases are present, they will stabilize aluminium in the 
four-co-ordinate or aluminate structure. In the aluminate structure the 
tetrahedra require more rigorous orientation than those in the silica gel 
structure in order to accommodate the large positive ions. The aluminate 
structure, in its turn, affects the orientation of the silica tetrahedra 
adjoining the aluminate structure. At the interparticle interface it is 
expected that well-defined cristobalite rings exist. This crystallizing 
influence probably only extends a few molecules deep into the silica 
particle. However, it could affect the whole particle and not be detect¬ 
able by means of X-rays. Cristobalite is more stable than vitreous silica. 
The tetrahedra in silica gel remain in the cristobalite configuration during 
subsequent heat treatment of the gel mixture. These cristobalite nuclei 
act as seeds for the crystal growth observed when catalj’sts of low alumina 
content are heated to 1150°.! 

The stabilizing effect that silica exhibits for the aluminate structure 
probably is dependent on four factors. These four factors are : relative 
micelle size of the silica and alumina components, amount of alumina 
present, pH of the w’et silica-alumina gel mixtures, and the electropositive 
nature of the positive ion required for the stablization of the aluminate 
structure. Data in the literature show that the particles of silica-alumina 
mixtures are quite small (of the order of 30 A). No method has been 
devised that determines relative sizes and which differentiates small 
particles of silica from the small particles of alumina in a mixture. How¬ 
ever, the effects of the three other factors are demonstrated by the data 
already presented. Increasing the alumina content reduces the relative 
amount of alumina in contact with silica. Thus, much of the alumina 
in silica-alumina mixture of high alumina content cannot be influenced 
by the silica. At about 15 % alumina, the capacity of the weakly 
electropositive ammonium ion for stabilizing the aluminate structure, 
NH4AIO2 (at pH 6 or below) begins to be surpassed. The normal crystal 
structure of alumina at these conditions begins to appear and is accom¬ 
panied by a concomitant change in the water content. Sodium ion being 
more strongly electropositive can maintain the aluminate structure (at 
pH 6) in silica-alumina mixtures containing up to 30 % alumina. By 
raising the pH to 9 the ammonium ion can stabilize the aluminate 
structure in mixtures containing up to 30 % alumina. Above an 
alumina content of 30 % the amount of aluminate that can be formed 
becomes entirely dependent on the silica content, and therefore decreases 
steadily as the percentage of silica approaches zero. The alumina not 
present as aluminate in a silica-alumina mixture is present as boehmite 
and hy'drargillite. This was deduced from the water content given in 
Fig. 3 and the information given by Elkins al.^^ 

If the positive stabilizing ion of a s^mthetic silica-alumina zeolite is 
** exchanged ” for H” by mild treatment at pH 3 to 4, the H+ zeolite is 
not believed to form. The H-*- is too small to fit in the space left by the 
exchanged NH*-*-. To be large enough to take the place of the NH*^, 
the H+ must be associated with a water molecule and become a hydronium 
ion H3O+. By comparing the probable structure of H*“ zeolite with the 
structure of hydrargillite, it was deduced that by a slight shift in crystal 
arrangement, the hydrogen aluminate structure can change to a h^^drargU- 
lite structure and lose its acid properties. 

The 2imphoteiic character of aluminium is not lost when alumina is 
combined with silica. However, the pH level at which the amphoteric 
or co-ordination shift of aluminium takes place is changed from 10 to 12 
for silica-free alumina to 3-8 to 4-0 for aluminium in silica-alumma mixtures. 

The beha\iour of a S3mthetic silica-alumina ammonium zeolite upon 
heat treatment is illustrated by Fig. 4 and 5, It is deduced that as the 
ammonium aluminate is destroyed, y-alumina is formed, y-Alumina is 
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the expected structure at the temperatures of decomposition. The 
character of the curves in Fig. 4 and 5 seems to indicate a distribution 
of acid ** strengths in the s^mthetic KH4+ zeolite. This distribution of 
acid strengths is only apparent, however. The acid or aluminate 
form of the zeolite exists in various degrees of stability which depend on 
the proximity of silica. The farther an aluminate is displaced from a 
silica interface, the more readily it decomposes. In natural zeolites, 
such as natrolite, where each alumina tetiahedron shares its oxygens 
with silicon, the “ acid is expected to be in its most stable form. As 



Fig. 5.—Decomposition of natural and synthetic ammonium zeolites on heating. 

O NH4 natrolite ; © 12*5 % AlgO^ S3mthetic NH4 zeolite. 

shown in Fig. 5 ammonium natrolite, 2(NH4A102)3Si02, does not de¬ 
compose at temperatures below 500®. This is to be compared with the 
decomposition of the synthetic ammonium zeolite which occurs between 
220® and 500°. It is proposed that the following reactions take place 
in the decomposition of NH4 zeolites : 

NH4AIO2. XSiOa NHs -f- HAIO2. XSiO* 
zHAlOa . XSiOa-5^ H ,0 + AlgOs . XSiO*. 

The decomposition hy heat and by the acid treatment of NH4 zeolites 
results in a loss of the acid form of the zeolite. The aluminate structure 
on losing the stabilizing positive ion shifts into the six-co-ordinate crystal¬ 
line form of alumina which is stable at the conditions of the experiment. 

The reactions of alumina in the presence of silica are, to a large extent, 
reversible. The reconstruction or reconstitution of the alumina to the 
aluminate crystal form follows essentially the same mechanism described 
for the creation of the “ acid ” from mixtures of silica and alumina hydrogel. 
The reconstitution of mixtures which have been calcined is more difficult 
because both the alumina and silica in the calcined mixture are in more 
rigid crystalline networks. The loss of water upon calcination of a 
mixture and the concomitant change of the alumina to y-alumina result 
in a much more rigid network than that existing in the corresponding 
hydrogels. 

Therefore in order to reconstitute a calciued silica-alumina mixture, 
the structure of the mixture must be rehydrated by breaking oxygen 
linkages and substituting two hydroxyl groups for each link so broken. 
This reaction is accomplished readily with OH“ ions present. Strong 
caustic solutions will attack and destroy calcined silica and siLica-alumina 
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structures. The concentration of hydroxyl ions will, to a large extent, 
determine the degree of rehydration and, thus, dictate the amount of 
alumina that can assume the aJuminate structure. Titration of silica- 
alumina mixtures with basic solutions has been employed by several 
investigators,•» ® to study silica-alumina catalysts. It should be 

pointed out that data obtained by this method can be misleading. The 
quality being measured during titration is not acidity The property 
being measured is a capacity to react with a base that can be created 
at the conditions of the experiment. Such a measure of acidity may 
have little or no relation to the amount of “ acids ” involved in catalytic 
reactions. 

The nature of the solid remaining after high temperature heat treat¬ 
ment of silica-alumina synthetic zeolites can be deduced from the preceding 
discussion. The authors have concluded that the calcined solid is essenti¬ 
ally a mixture of y-alumina and silica particles in which the silicon and 
aluminium ions at the interparlicle interface share oxygen ions. The 
exact structure of the aluminium ions at the interface cannot be deduced. 
However, these aluminium ions can be considered to be in a three-co¬ 
ordinate state. Such a structure corresponds to the anhydride of the 
acid, HAlOfi, The potential acid in such a structure can be viewed as 
a Lewis acid. Durmg the thermal destruction of highly crj’stalline 
ammomum “ natrohte 2(XH4. A102)3Si0a, NH3 and one-half mole 
of HgO per mole of NH3 is lost. 

The water must be formed by reaction of the acid '' hydrogens from 
two alumina tetrahedra wth an oxygen ion. In this process the tetra¬ 
hedral aluminate structure is believed to revert in the manner already 
described to the “ anhydride " structure. The decomposition of am¬ 
monium “ natrolite ” is not reversible in the sense that it is possible to 
attain the original highly crystalline state. Since the silica-alumina 
mixtures used in catalytic cracking are invariablv subjected to tern- 

r ° 

peratures of about 500®, it is concluded that the acid OAl—OSi 

L O 

in an active catalyst (as proposed by Thomas * and Tamele *) cannot be 
present in amounts sufftcient to account for the acthity of silica-alumina 
mixtures. 

It is believed that in all cases the reaction of a base " with the 
silica-alumina mixture involves an instantaneous creation of the required 
“ acid ”. Hovr this happens for silica-alumina mixtures in hydrous media 
has already been discussed. The creation of acidshappens even at 
elevated temperatures in the dry state. By exposing a sOica-alumina 
mixture to the vapours of a base such as quinoline, more or less of the 
alumina will become “ acidic The amount of “ acid *' created is 
believed to depend on three factors : (i) the amount of interfacial sharing 
of oxygen ions between silicon and aluminium ions, (ii) the hydroxyl con¬ 
tent of the y-alumina present, and (iii) the base strength or polarizing 
capacity of the base. The aluminium ions sharing oxygens with silica, 
being in the state of greatest electrostatic force deformation, will be the 
first to react with the basic material. The result of such reaction is 
the formation of a four-co-ordinate alumina by the shift of an oxygen 
or a hydrox}d group from the y-alumina structure. A series of different 
bases, upon reaction with a silica-alumina nucleus, gi^'e widely differing 
apparent amounts of “ acid **. The amount of “ acid ” formed will 
depend, as stated, on the base strength of each particular base. The 
thermal history of the y-alumina particles will determine the ultimate 
limit of reconstitution since the h\drox\i content of y-alumina is 
dependent on the temperature to which it has been heated. 

That the surface atoms are highly mobile and in particular that the 
oxygen in such structures is capable of shifting, has been demonstrated 
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by the exchange of oxygen between water and various silica-alumina 
catalysts using O^®. 

Mechanism of Hydrocarbon Reactions on a Cracking Catalyst. 

—^Using the concept that silica-alumina intrinsically contains a strong 
acid, several authors have proposed detailed reactions involving car- 
bonium ion mechanisms to account for the products obtained in catalytic 
cracking.®* The general agreement between fact and theory in 

these proposed mechanisms is strong proof that the basis of the reactions 
is sound. 

How then is it possible to reconcile the need in silica-alumina of the 
strong Bronsted acids required for the carbonium ion reactions proposed, 
with the conclusions of the authors presented earlier in this paper; i.e. 
that these required strong acids do not exist. 

To reconcile these differences, a mechanism will be proposed which 
apparently not only applies to silica-alumina, but also it is believed it 
v^l have wide application in the field of catalysis. It is proposed that 
the reversible shift in co-ordination (which was deduced in the earlier 
part of this paper to explain the many experimental facts in connection 
with base exchange, density, water content, etc.) is fundamental to the 
activity of the catalyst. 

It is apparent to the authors that the presence in a catalyst of a strong 
Bronsted acid is not a required intermediate for carbonium ion formation. 
It is only necessary that the catalyst has the ability to form stable carbon¬ 
ium ions. In reactions involving Friedel-Crafts catalysts, the aluminium 
halides and boron trifluoride do not form stable Bronsted acids but they 
do form stable carbonium ions in the presence of certain co-catalysts 
and substrates. The formation of carbonium ions from olefins and 
aromatics does require an available proton. This is provided by the 
co-cataiyst. In the case of silica-alumina, the stable carbonium ions (or 
polarized complexes) are created by structural changes brought about 
in the catalyst by the presence of the substrate. Thus, the substrate 
is mutually responsible for the creation of an active intermediate and, 
likewise, the catalyst must be capable of undergoing structural changes 
in order to accommodate the substrate. Those sites predisposed to react 
with the substrate as explained, are ** active centres Such active 
centres consist of aluminium ions in the immediate vicinity'' of the tetra¬ 
hedral silica. These strategically located aluminium ions are predisposed, 
by the induction of the four-co-ordinated silica, to shift co-ordination and 
need only weak bases to stabilize them in the four-co-ordinate or “ acid ” 
form. Such a co-ordination shift, as induced by silica and substrate, 
is represented in the following -two important reversible reactions : 
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*® Hindin and Mills, to be published in /. Amer. Chem, Soc^ (presented at 
Detroit meeting of Amer. Chem. Soc., April, 1950). 

Hansford, Ind. Eng. Chem., 1947, 39, 849. 

®* Grcensfelder, Voge and Good, ibid., 1949, 41, 2573. 

** Bremner, Research, 1948, 1, 281. 
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The instability of the free Bronsted acid is recognized in the first 
reaction by the necessity of the presence of the basic substrate for stability. 
The water ” may come from the catalyst where it is a constitutional 
part, existing as hydroxyl groups. These equations are illustrative only 
of the stoichiometry of the reactions taking place. It should be realized 
that these reactions involve crystalline substances and, therefore, rather 
widespread changes must occur in the micro-structures around any one 
active centre. Many aluminium ions around a given point may be in¬ 
volved in this shift. 

Once it is visualized how carbonium ion complexes can be formed by the 
catalj'st without the existence of a strong acid, then most of the chemistry 
of catalytic cracking can be explained on the basis of the carbonium ion 
theory. Since this has been amply dealt with by others previously 
referred to, it will not be discussed here. In the existing carbonium ion 
theory, however, it must be realized that the mechanisms so proposed 
are highly idealized. While there is strong evidence which substantiates 
the existence of carbonium ions, such ions only exist in intimate associ¬ 
ation with the catalyst. The ions are, in fact, the product of the inter¬ 
action of substrate and catalyst, and being such, must have a strong 
effect on the electronic character of each other, and, therefore, on their 
mutual chemical beha\dour. 

Two factors w’hich are not very well understood are proton transfer 
and hydride ion transfer as they concern the catalyst. Both of these 
factors are important steps in the reactions wrhich have been proposed 
to explain the chemistry* of catal\d:ic cracking. How can these be 
accounted for on the basis of the structural dynamics proposed in this 
paper ? It is believed that the transfer of protons can occur on the 
surface of the catalj^st by minor structural changes in y-alumina. The 
catalyst being largely a network of oxygen ions can accommodate and, 
thereby, transfer protons somew*hat in the same way that water does. 
For hydride ion, it is believed that it can be accommodated as depicted 
in reaction (2). The six-co-ordinated aluminium ion is a potential Lewis 
acid. Paraffin hydrocarbons, being weak Lewis bases, are able to form 
polar complexes with catalyst through a similar co-ordination shift of 
the aluminium ion. In this case no “ water " is involved in the complex. 
Lewis acids probably play an important role in the alkylation and iso¬ 
merization of paraffins by other catah*sts ({HF),HaS04 and AlaX®). All 
these catalysts possess potential Lewis acids; \iz., HF, SO3, AIX, 
fmonomer). The exact manner by w-hich the catalyst brings about the 
important proton and hydride ion transfer forms an interesting and vital 
field for additional study. A knowledge of the precise structure of y- 
alumina would shed considerable light on these two problems. 

The reversibility of the reactions (1) and (2) should be stressed in 
understanding the concept presented. The ability of the catalyst to 
react reversibly with a substrate in the formation of the polar complexes, 
is essential, in the authors* opinion, for catalytic acti\ity. If these re¬ 
actions w*ere not readily reversible at the temperature of reaction being 
carried out, the substance would not be a catal}*st. If one considers 
the relative stability of a primaiy’, secondarj* and tertiary carbonium 
ion, the act of isomerization of an existing primary carbonium ion to a 
tertiary would result in the formation of an even stronger complex betw’een 
substrate and catalj^st than that existing in the beginning. Hence, 
the altered complex, in this case, would be less likely to desorb. It is 
this tendency of the aluminium to go back to its six-co-ordinated enwon- 
ment which provides the dri\'ing force for desorption. These substances 
which form stronger complexes than the substrate being reacted, will 
act as poisons for the particular reaction in question. Such substances 
as NH3, nitrogen bases, alkali metal ions, etc., at the ordinary temperatures 
of catalysis, tie up all the a\*ailable aluminium ions in a stable four- 
co-ordinate form and, thus, act as poisons for the reaction. The reversibility 
K 
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of the silica-alumina complexes has its analogy in such catalysts as 
aluminium halides, boron fluoride and even in the strong acids, sulphuric 
and hydrofluoric. Aluminium halides and boron fluonde have a tendency 
to revert to their usual structural form from the four-co-ordinated com¬ 
plexes. The competition of water in the strong acid catalysts (all of 
which must contain some water in order for them to act as catalysts) 
for the proton of the polar complex, provides a driving force for the 
decomposition of the complex in this case. 

In conclusion, the authors believe that the concepts developed can 
be applied generally to heterogeneous catalysis. A catalyst is looked upon 
as a surface, the ions of which are disposed to move to a certain extent. 
In their own environment, the ions of the catalyst are arranged in a 
pseudo-stable equilibrium state. Depending on the catalyst, certain 
substrates arc able to induce a structural shift in the component atoms or 
ions of the surface, creating, thereby, complexes which undergo reaction. 
The decomposition of the complex involves a reverse of the pievious 
reaction. These structural shifts involve co-ordination changes of 
strategically located ions. It is a well-known fact that very few ions 
of a particular catal} st are available for catalysis. The apparent hetero¬ 
geneity of a catalyst surface is real for the reason that the ions active 
for adsorption, as explained, arc not all exactly predisposed in the same 
tvay. There is a distribution of availability for the dynamic structural 
change and, consequently, it is more difficult to cause co-ordination shifts 
of some of the surface ions than it is others. 
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THE MECHANISM OF THE CATALYTIC CRACKING 
OF UNSYMMETRICAL DIARYLETHANES 


By D. R. May, K. W. Sauxders, E. L. Kropa and J. K. Dixon 
Received '^oth January, 1950. 

The catalytic cracking of substituted i: i-diarylethanes on siliceous catalysts 
to form a substituted styrene was studied as a function of temperature, contact 
time, diluent, catalyst particle size and area. At suitable low contact times of 
o-ooi-o-i sec. at 500® C the reaction is essentially ^without side reactions, hence 
is ideal for cracking studies. The reaction has a low- temperature coefficient. 
In contrast with most catalytic reactions the rate of cracking is dependent 
on the number of collisions of the diarjdethane with the external area of the 
catalyst particles and on this basis the variables affecting the rate are cor¬ 
related. The true internal surface area is not an important factor in the cracking 
rate. 

The rate of cracking decreases as the electronegativity of the substituents 
increases and the order observed for this effect is apparently the same as in 
Hammett's reactivity series. Because of this correlation it appears that a 
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carbonium ion mechanism is involved in this fast reaction. About one collision 
in every thousand with the catalyst surface is effective and it is suggested that 
during an effective collision the consecutive steps in the carbonium ion mechanism 
take place essentially simultaneously. 


It has not been possible for earlier investigators to work out many 
of the details of the kinetics of hydrocarbon cracking reactions because 
of the complexity of the mechanism and the products formed by craclcing. 
The catal\i:ic cracking on siliceous catalysts of i : i-bis (4-methylphenyl)- 
ethane (referred to as ditolylethane), a compound w'hich is a t5rpical 
example of an unsymmetrical diarylethane, forms methylst3n:ene and 
toluene with but little tendenc}’- to ^deld numerous or complex b5"-products. 
Therefore, this t3^y>e of reaction has proven to be suitable for a quantitative 
study of a number of variables affecting the kinetics. 

The cracking of substituted unstmmetrical diarylethanes to form a 
substituted st\Trene and the aromatic hydrocarbon was discovered and 
investigated by Sturrock and Lawe.^ These two workers initially pointed 
out and interested us in the unique features of this cracking reaction and 
have co-operated in the development of the studies reported herein. 
Their work and the later report of Morton and Nicholls ^ indicated the 
nature of certain variables affecting the cracking rate without relating 
these factors in the more quantitative manner described in this paper. 
Greensfelder, Voge and Good have published an important senes of 
papers ® on the cracking of pure hydrocarbons, and Thomas ^ has recently 
presented a theory of the mechanism, w'hich will be of importance in 
discussing the results of this paper. 

Experimental 

Materials.—^The i ; i-bis (substituted phenylethanes) were usually pre¬ 
pared by condensation of acetylene or acetaldehyde with a substituted aromatic 
compound in the presence of a Friedel-Craft's catal^-st such as aluminium chlor¬ 
ide and anh^iirous hydrofluoric acid, zinc chloride, etc. For example, i : 1-61*5- 
(4-methylphenylethane) was synthesized by condensation of toluene with 
acetaldehyde using a 3-5-fold molar excess of the hydrocarbon at 0-5® C with 
anhydrous hydrofluoric acid as catalyst. 

Cracking Procedure and Analyses.—^The cracking of the diarylethane 
was carried out in conventional equipment. The liquid diaryiethane wns 
metered and flash-vapourized. The vapour was mixed with a metered flow 
of steam and the resulting mixture passed through an electrically'- heated stain¬ 
less steel tube maintained at a controlled temperature. The products were 
quenched and the water lay^er separated. The off-gas w-as alw-ay’s negligible. 
The catalyst decreased in activity- during each run but could be restored to 
the original activity- by- burning off ” with air in the presence of steam. 

The oil lay-er from the products was stripped at reduced pressures to obtain 
low- boilers. In the case of ditoly-lethane, for example, these consisted of toluene, 
ethyitoluene, and methyis-cy-rene. In most cases only 0-1-5 % of “tko substituted 
styrene w-as recovered with the vinyl group in the hydrogenated state. Prob¬ 
ably this side reaction occurs by hy-drogen transfer from the tar on the catalyst 
to the vinyl group. The moles of methyistyrene plus ethyl derivative is, how¬ 
ever, an accurate measure of the total cracking of the diarylethane. 

Extensive distillation or cry’’stallization -work, carried out with the aid of 
infra-red analyses, led to preparation of pure substituted sty-renes and the ethy-1 
derivatives. This permitted setting up of quantitative infra-red analytical 
procedures for the multi-components in the low- boilers from the cracking. 
Samples w-ere adequately analyzed by- use of a combination of infra-red, bromide- 
bromate titration for substituted styrene, and distillation. 

1 Sturrock and Lawe, U,S. Pat. 2,373,982, April 17, 1945, to the Dominion 
Tar and Chemical Company. 

* Morton and Nicholls, Can. J. Res. JB, 1948, 26, 581. 

* Greensfelder, Voge and Good, Ind. Eng. Chem., i949, 2573. 

* Thomas, ibid., 1949* 4 *» 2564. 
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Pellets made from Merck's kaolin were used as catalyst. This clay had a 
surface area as measured by the low temperature nitrogen adsorption of around 
10 m.®/g. It contained 44 % SiOg, 42 % AlgOg, and 14 % HgO. A highly 
active commercial petroleum cracking catalyst containing 90 % SiOg-io % AlgOg, 
surface area 500 m.®/g., was also employed. 


Results 


The rate of cracking of ditolylethane was studied as a function of the contact 
time, temperature, molar ratio of steam as diluent to ditolyethane, and the 
diameter of the kaolin catalyst pellets. After reactivation of the kaolin the 
rate was determined as a function of the time of operation from which the value 
at zero time was found by extrapolation. Table I summarizes the data obtained. 


TABLE I— Catalytic Cracking of i : i-Di-^-Tolylethane, Diluted with 
Steam, over a Kaolin Catalyst at 525° C 
(Pressure i*i ± o*i atm.) 







1 % Cracked to Low 


Catalyst 

Particle 

Diameter 

cm. 

Catalyst 
Volume, 
Va in cm.® 

Contact 

Collision 
Frequency 
Factor, A 

Boiling 

Fraction 

Run No. 

Time, 

ValV, 

sec. 

Extrapol¬ 
ated to 
Start 

For 2 g. 
per cm.® 
Passed 
Catalyst 


% Ethyl- 
toluene 
Based on 
Methyl¬ 
styrene 


10/1 mole Dilution of Steam to l:l-Di-p-tolylethane 


42 

0*20 

15 

0*014 

0*07 

29 

27 

0*9 

40-2 

0*062 

6 

0*0064 

0*12 

50 

47 

0*2 

39-3 

0*11 

15 

0*015 

0*16 

56 

53 

0-4 

34 

0*20 

60 

0*067 

0*36 

61 

58 

1*6 

43 

0*11 

60 

o*o88 

i-i 

68 

64 

2*3 

132 

0*11 

100 

0*50 

5-6 

— 

62 

16 

126 

0*11 

100 

0*86 

8-1 

— 

44 

40 

127 

0*11 I 

100 

2*0 

19 

— 

30 

60 


100/1 mole Dilution of Steam to 1: l-Di-/7-tolylethane 


37 

0*11 

6 

0*0064 

o*o6 

30 

28 

0*0 

41 

0*20 

15 

o*oi6 

o*o8 

34 

32 

0*4 

40-1 

0*062 

6 

o*oo66 

0*12 

51 

48 

0*2 

39-1 

0*11 

15 

0*017 

0*17 

63 

62 

0*0 

35 

0*20 

60 

0*067 

0*35 

78 

76 

0*0 

38 

0*062 

15 

0*024 

0*48 

82 

78 

0*0 

44 

0*11 

60 

0*083 

0*93 

92 

87 

0*8 

122 

0*11 

67 

1 0*13 

1-3 

— 

84 

6*3 

129 

0*11 

100 

1 0*56 

1 

6*6 

1 

85 

*15 


* The ditolylethane passed was i-o g. cm.-® catalyst. Therefore, this value 
is high. 


The contact time is calculated for the average pressure over the catalyst in 
atmospheres, and at the reaction temperatures. The collision frequency factor 
in column 5 will be explained below. The percentages of ditolylethane con¬ 
verted to methylstyrene and ethyltoluene are shown in columns 6 and 7 at 
the start of the run and after passing 2 g. cm.-^ catalyst. The last column show's 
a negligible formation of ethyltoluene up to 60-90 % conversion. 

Experiments in Table I show that if only one factor (contact time, particle 
size and dilution) is varied at a time, then the converson increases with contact 
time, dilution and smaller particle size. These variables affecting the conversion 
are best related by means of the kinetic analysis presented below. 

It was observ^ that the conversion was the same for solid pellets of kaolin 
as on a non-porous carborundum carrier coated with 16 % kaolin containing 
2 % sodium silicate. In a private communication Dr. M. G. Sturrock has 
mformed us that the weight of kaolin on the carrier need be only some 5-10 % 
in order to achieve the same conversion, yields, etc., as were obtained with the 
solid kaolin, and any further increase in coating over 10 % had no effect. This 
indicated that the external (geometrical) area of the pellets and not the true 
internal surface area, was the important factor. This suggested that the number 
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of collisions of the diarylethane with the external area was important and 
explained the observed effect that a decrease in catalyst particle diameter in¬ 
creased the conversion. 

If we assume that the rate of cracking over any element of length of the 
catalyst is d» mole sec., and that the rate is dependent on the number of col¬ 
lisions with the external area of the catalyst, then 

dn = - kZdS .(i> 

w’here Z = number of collisions per sec. and dS the external area of catalyst 
in the element under consideration. At the high dilutions of steam used here 
the change in volume on reaction may be neglected and the pressure P is 
essentially constant at one atmosphere. Z is proportional to the partial pres¬ 
sure of diarj’lethane, which is nPjV, where V = initial volume space velocity 
of vapour passing over the catalyst in cm.®/sec. This volume includes the 
steam added as diluent. The external area of the catalyst is S = k^V^ld, 
where — constant, the volume of catalyst and d = particle diameter. 
By integration 

In nhio = — Ai-Y,.(2) 

where X, the collision frequency factor, is Vd, and Hq is the number of 
moles'sec. of diaiydethane fed. 

Values of the collision frequency calculated in this vray are given in Table I 
and are plotted in Fig. i against the logarithm of the fraction unconverted. 



Fig. I. —Conversion of Ditolylethane against collision frequency factor. 

• Dilution, 10 i. d Dilution, 100,1. Q Dilution, 265/1. 

The resulting curi’e should by eqn. (2) be a straight line. The correlation of 
the three variables involved in the collision frequency is reasonably good. With 
a high collision frequency factor the observed conversion is lower than pre¬ 
dicted presumably because of an approach to an equilibrium or to a dependence 
on difEusion which lowers the conversion and makes the extrapolation to zero 
time less accurate. 

Temperature Coefiacient.—^The conversion of ditolylethane to methyl¬ 
styrene was determined at several temperatures under comparable conditions 
on kaolin catalyst. Conversion was obtained at the start of the run and after 
10 g. of ditolylethane had been passed per g. of catalyst. The results are shown 
in Fig. 2, from which it is calculated that the apparent activation energy is 
5000 cal./mole. 

Effect of Substituents on Cracking Rate.—Using the relation 
log M == — 

the ratio of collision frequency factor for any substituted diar3’lethane to that 
for ditolylethane, at equal values of conversion, gives the ratio of velocity 
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Fig. 2.—Variation in tiie conversion of i: i-di-^-tolylethane to ^^-methylstyrene 
with temperature of pyrolysis. 

Full lines : Conversion at start. Broken lines : conversion at lo g, ditolyl- 
ethane passed per g. catalyst. 

Contact time : o*o8 sec. Catalyst pellet size : 0*203 cm. 

Molar dilutions of ditolylethane vapour. 

■ Dilution, 10. □ Dilution, 100. 

constants In some cases the velocity constants were estimated from limited 
data, but the approximation involved would not change the order of effective¬ 
ness of substituent groups. Table II summarizes data for kaolin pellets, and 
for the petroleum cracking catalyst containing 90 % SiOj-io % AljOs- 

It is evident from Table II that an increase m electronegativity of the 
substituent in the nucleus of the diarylethane decreases the rate of cracking. 

TABLE II— ^Relative Rate Constants of Substituted Diarylethanes 
USING Kaolin and 90 % Silica-io % Alumina Catalysts 


Relative Rate Constant on (») 


ouusumv.« luf 

Kaolin 

SiOs-AljOs 

I : 1-bis (4-Hydrox3rphenyl)ethane . 

«5)* 


2 : 2-bis (4-Ammophenyl)propane 

«5)* 

— 

I : i-hts (2 : 4-Dimethylphenyl) ethane 

1*4 

3-8 

I : i-bis (4-Methylphenyl)ethane 

1*0 

4*2 

I : i-bis (2-Thienyl)ethane 

(I)* 


I : I-bis (4-Aminophenyl)ethane 

(I)* 

— 

I : I-bis (4-Dimethylaminophenyl)ethane . 

(I)* 

— 

2 : 2-bis (4-Hydroxyphenyl)propane . . ’ 

' (I)* 

— 

I : I-bis {2-Kaphthyl)ethane . . . j 

0*5 

— 

I : i-Diphenylethane .... 

0*3 

1*0 

I : I-bis (4-Chlorophenyl)ethane 

0*04 

0*5 

I : I-bis (3 ; 4-Dichlorophenyl)ethane 

0*01 

0*2 

I ; I-bis (2 ; 5-Dichlorophenyl)ethane 

— 

0‘I 

I : I-bis (4-Cyanophenyl)ethane 

Very small 

1 

0*05* 


{a\ structure essentially as designated. In some cases, isomers were present. 
(6) Ditolylethane over kaolin is the reference standard. 

* Only estimated from limited data. 


The rdative order sho^m is in qualitarive a^eement with that given by 
H amm ett * in his reactivity series. A mixed diarylethane containing no sub- 

* Hammett, Physical Organic Chemistry (McGraw-Hill Book Co., 1940), 
Chap. 7. 
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stituents on one ring and chlorine on the other, i.e. i-phenyl-i-(chlorophenyl)- 
ethane was synthesized and cracked. The resulting styrenes contained chloro- 
styxene and styrene in mole ratio of 4/1, thus agam indicating an increase in 
electronegativity decreases the tendency of the bond between phenyl ring and 
the ethanoid carbon to crack. These results indicate an ionic type and more 
specifically a carbonium ion mechanism is involved in the cracking of these 
diaiylethanes. 


Discussion 

Mechanism of Cracking Reaction.—^The mechanism of the cracking 
of hydrocarbons on alumina-silica catalysts has been described in a recent 
paper by Thomas ^ and also by Greensfelder, Voge and Good.® They 
represent siliceous cracking catalysts as acids which are capable of donating 
their protons to the hydrocarbon, thus forming a carbonium ion which 
then rearranges or decomposes to form the products of the cracking 
reaction. If we apply the above concepts to the cracking of substituted 
diarydethanes, and represent the catalyst by HA, then the equations 
for reaction are as follows : 

CH3 

HA + Ri—C.H4—d:—C,H4—R, 

CH, 

Ri—C,H4—C,H4—R, 

A A 

Ri—C,H4—C—CH,4-A- 
I 

H 

The catalyst is regenerated and starts the cycle again. 

If Rj and Rj are the same, and their electronegativity is increased, the 
tendency to form a carbonium ion in eqn. (3) is decreased and the cracking 
rate is also decreased because of the increase in positive charge at or near 
the bond between the ring and the ethanoid group. It is suggested that 
reactions (3)-(5) take place consecutively but essentially simultaneously, 
a proton from one part of the catalyst taking part in eqn. (3), and another 
part of the catalyst accepting the proton liberated in eqn. (5). This 
concept is analogous to that which has been proposed by Turkevich * 
and by Hansford.'^ 

A calculation shows that at zero time the number of collisions of diarly- 
ethane with the surface is around 1000 times the experimental number 
of molecules decomposed. The observed acth-ation energy w'ould account 
for 40 out of the 1000 and steric factors could easily explain the remainder 
of the difference. The use of internal rather than external areas in cal¬ 
culating the number of collisions would make the discrepancy considerably 
larger. Experimental e\ddence favours the use of extemal area. 

This cracking reaction is unusual because (1) the thousand-fold 
difference is unusually low for most catalytic reactions, (2) there is no 
need for requiring activated adsorption of the diarjdethane with a pro¬ 
longed residence time on the surface in order to account for reaction, 
{3) the external geometric surface of the catalyst is a controlling factor, 
and (4) the effect of chemical structure on reactivity is predictable. 

• Turkevich and Smith, /. Chetn, Physics, 1947, 466. 

’ Hansford, Ind, Eng, Chem., 1947, 39 » ® 49 * 


CH3 
I + 

- > Ri—CeH4——CgH*—Rj -|- A“ (3) 

H H 

-y CeH,—R3 -i- RAH4—C~CH3 (4) 

ik 

--S. CH=:CH3 + HA. (5) 
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assistance and especially to the Infra-red group for analyses. Messrs. 
M. G. Sturrock, Kemp and Lawe of (or formerly of) the Dominion Tar 
and Chemical Company, Montreal Canada, have pro\''ided assistance 
through discussion and co-operative work. 

American Cyanamid Co,, 

Stamford Research Laboratories, 

1937 JVest Main Si., 
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GENERAL DISCUSSION 

Mr. D. A. Dowden (Billingham) said : Because both conductivity and 
substrate-surface reactions must depend upon the electronic structure of 
the solid surface one feels that Dr. ISIitchell should have no hesitation in 
correlating conducthity with catalysis in the general case. The precise 
relationship will depend upon the nature of the rate-controlling step. 

The complexity of such a simple catalyst as zinc oxide lends point 
to Dr. Mitcheirs comments on the choice of systems most suitable for 
study. Here the substrate can react with Zn®-^ and 0 ®“ in the complete 
stoichiometric lattice, with the same ions in the environs of cation and 
anion vacancies in the defective stoichiometric lattice and with all of these 
and the lattice analogues of Zn+ and Zn in the excess-semi-conductor. 

The division of catalysts into metals, semi-conductors and insulators 
is a convenience which should not be allowed to obscure the continuity 
inherent in the reactions of a given substrate on each of these types ; 
this continuitj’’ is most readily traced with the band model of electronic 
structure. Thus if methanol decomposition is controlled by electron 
donation to the solid, the reaction rate decreases in the nickel-copper 
alloys with increasing electron/atom ratio until the band is full. 
Addition of zinc to copper gives the Hume-Rother}- brass phases with 
characteristic oscillation of activation energy at the phase boundaries ® 
until a point is reached at vrhich zinc oxide is formed. As an excess 
semi-conductor zinc oxide does not favour the electron donation step but 
addition of CraOa or AljOs decreases the zinc excess and in the former 
case may yield a defect semi-conductor, ZnCrgOi,® where electron addi¬ 
tion is more easj’. Further addition of these “ irreducible " oxides up 
to pure CraOj permits the electron transfer in the former but inhibits it 
in the latter so that over AljOs the reaction adopts a different path based 
upon proton exchange. 

Dr. U. R. Evans {Cambridge) (communicated): The idea that catalytic 
activity in oxides is connected \vith lattice defects suggests that recent 
work on protection by oxide films may be helpful in explaining \'ariations 
in catalytic behaviour. The presence of traces of copper and silver 
greatly diminish the protective character of alumina films * by the intro¬ 
duction of lattice defects, the changes being related to the increase in 
conductivity in accordance with Wagner's equations. This may be read 
in connection with Steiner's observations that, whereas AI2OS and M0O2 
have no catalytic power for certain reactions, MoOa supported on AlaOs 
is highly active, and also with the cases of ZnO + FejOs and BeO -j- FegOa 
discussed by Hiittig. It remains uncertain whether any particulai effect 
is attributable to defects associated with foreign atoms in one or other 

^ Schwab, Trans. Faraday Soc., 1946, 43, 689. 

* Dowden, /. Chem. Soc., 1950, 242. 

* Bevan, Shelton and Anderson, ibid., 1948, 1729. 

* Price and Thomas, /. Inst. Metals, 1938, 63, 21, 29. 
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phase, or those arising from misfit along the plane separating two phases, 
a matter important in electro-deposition. 

It is well known that great changes in the conductivity of oxides can 
be brought about by heating in a reducing or oxidizing atmosphere, the 
conductmty falling or rising according as the composition is brought 
nearer or further from the stoichiometric value; it is reasonable to expect 
alteration in catalytic activity after such treatment. But the removal 
or introduction of defects can be brought about in other ways. Pryor 
and the writer® found that so-called “ ferric oxide invariably contains 
a small amount of matter readily soluble in dilute HCl, the amount 
depending on the previous heat treatment; when this readily soluble 
trace has been removed, dissolution becomes extremely slow. There is 
little doubt that the readily soluble portion is connected with lattice 
defects present at places where a ferrous ion occupies a site properly 
belonging to a ferric ion, since the acid extract is found to contain much 
ferrous, as w’ell as ferric, iron. After the readily soluble fraction has been 
removed, storage for 15 days at 25® C does not replenish it, but treatment 
for 24 hr. at 385° C (which doubtless permits a slow diffusion of fresh 
defects from the interior) leads to the reappearance of some readily soluble 
material, whilst ignition at 1000® C produces complete recovery. In cases 
where catalysis depends on the t5rpe of defects suggested above, it may be 
expected that washing with acid would adversely affect the activity of 
an oxide c'\talyst. 

In other cases, suitable electrochemical treatment may “ manufacture 
defects. When iron oxide powder is floated on mercury and subjected 
to cathodic treatment in dilute acid, there is an enormous increase in the 
rate of dissolution. This is, of course, the reason why on immersing 
heat-tinted iron in dilute acid the films of oxide responsible for the inter¬ 
ference colours are removed in a few seconds or minutes, whereas the 
same films, after separation from the metallic basis, can withstand the 
same acid for long periods. In the first case, the ferric oxide suffers 
reductive dissolution at every discontinuity where the cell Fe | Acid [ Fe203 
is set up; a tinted metal specimen can preserve its colours in dilute 
sulphuric acid over long periods if the liquid also contains chromic acid, 
or if the specimen as a whole is subjected to anodic treatment, thus pre- 
ventmg the reduction.® It is conceivable that catalytic processes carried 
out in aqueous solution might in some cases be influenced favourably 
by cathodic polarization of the catalytic mass. 

In seeking to correlate catalytic actKtty with phj’sically measure- 
able properties, most contributors to this Discussion have used electrical 
conductivity or magnetic susceptibility. Thermoelectric force has also 
been studied and deserves special consideration, if only for the reason 
that its measurement involves no knowdedge of the geometrical dimen¬ 
sions of the test specimen, so that it can presumably be measured on 
the actual surface which is subsequent^ to form the catalyst. Thermo¬ 
electric force depends m part on the same factors which determine con- 
ductirity, but in semi-conductors containing two carriers of opposite 
charge thenno-electric force will in the simplest case involve the dijferefice 
between their contributions, and conductivity the sum ; ’ by measuring 
^th properties two equations should be obtainable instead of one, thus 
increasing the information provided. The variation of thermo-electric 
effect as well as conductivity in semi-conductors has of course received 
much study from Anderson and his colleagues.® In alloy catalysts, the 
thermo-electric effect may be instructive, because, like catalysis, it presents 

Bvans, J. Chem. So£., 1949* 333 ^ » also two further papers, 
ibid, 1950 (in press). ^ ^ 

® Evans, ibid., 1930, 478. 

^ Fowler, Statistical Mechanics (Cambridge Univ. Press, 1936), p. 427. 

* Anderson and Morton, Trans. Faraday Soc., 1947, 43, 185, 194. 
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special features ® in the range of composition where the inner electron 
band is filling up. 

Conductmty measurements are complicated, even in a specimen of 
accurately known external dimensions, by doubts about the internal 
surface, the true area of contact between the grains and the respective 
contributions of surface and bulk conductivities. The measurement of 
the velocity constants governing film growi:h, which are in general related 
to conductixdty by Wagner’s equations, deserves attention, since here 
several simple methods are available although sometimes doubts about 
the true surface area introduce difficulties; good agreement has been 
obtained w'hen three different methods have been used to measure film 
thickness on a single specimen.Here the curves of Allen and Mitchell 
on the oxidation of pre-fused copper beads are of interest. Their form 
shows a general resemblance to the cur\’es for the oxidation of abraded 
copper sheet at similar temperature obtained electrometrically by Miley 
and the author, Comparison is difficult since, as noted above, the value 
to be adopted for the effective surface area of abraded metal is open to 
doubt, but the new research shows that the formation of an oxide film 
of sensible thickness at ordinary temperature does not require the struc¬ 
tural damage associated with abrasion. 

Prof. G.-M. Schwab (Athens) (communicated) : It has been found in 
our laboratory that the combination of carbon monoxide and oxygen 
on cupric oxide at 280“-400® C and at pressures of a few mm. Hg is first- 
order for carbon monoxide and independent of the oxygen pressure. 
This was explained by a rate-determining reaction of carbon monoxide 
with oxygen atoms and an instantaneous re-oxidation of the surface by 
oxygen. The frequency factor observed is in agreement with this picture. 
This kinetic scheme is just the opposite to that reported by Prof. Gamer 
et al, who gave e\idence for a CO-covered surface. Do they find that at 
our higher temperatures this layer is removed as carbon dioxide at a rate 
much higher than that of its formation ? 

Prof. W. E. Gamer (Bristol) (communicated) : In reply to Prof. 
Schwab, it should be pointed out that the mechanism of the reaction 
between carbon monoxide and oxygen on CugO may occur by different 
mechanisms at 280-400° C and at room temperature, respectively. On 
a surface which is free from adsorbed oxygen, carbon monoxide is strongly 
adsorbed at room temperature, and on evacuation the adsorbed gas is 
desorbed mainly as carbon monoxide, as would be expected from a heat 
of adsorption of 20 kcal./mole. At 80® C, however, carbon monoxide 
interacts readily with the surface to give carbon dioxide, so that there 
is probably no appreciable reversible chemisorption of carbon monoxide 
above this temperature. At 200® C the surface will be practically free 
from adsorbed gas, either in the form of CO or CO 3*. On the other hand, 
oxygen is more strongly adsorbed, and at 200° C it requires 24 hr. 
evacuation to remove it from the surface. 

The low temperature mechanism consists in an interaiction between 
adsorbed carbon monoxide, and oxygen atoms, to give a CO 3 complex 
on the surface, which then dissociates. The reaction appears to proceed 
in three steps : 

COads + Oads COj* . . . • (l) 

CO3 -|- Oads CO 5 ads .... (2) 

CO 3 ads — ^ COg -}- Oada, .... (3) 

the oxygen and CO 3 complex probably existing as ions. The heat of 

•Mott, Proc, Roy, Soc. A, 1936, 156, 368. 

Evans and Bannister, ihid., 1929, 135, 380. 

Pnce and Thomas, Trans, Blecirochem, Soc.t 1939, 76, 332. 

Evans and Miley, Nature, 1937, * 39 » ^83. 

^ Schwab and Drikos, Z, physik, Chem, 1942, 53, 234. 
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desorption of CO* from the CO3 complex is only 23 kcal., so that it is 
relatively unstable. At higher temperature, carbon monoxide removes 
oxygen from the surface of the lattice to give CO a, thereby producing 
holes in the surface which can be filled by oxygen if this gas is present. 
The process will be first order with respect to carbon monoxide if the rate 
of reaction is proportional to the rate of collision of the carbon monoxide 
with the surface, which is kept intact by adsorbed oxygen. There is 
an appreciable adsorption of oxygen at 280® C. All that is needed is that 
the rate of repair of the surface by oxygen should exceed the rate of 
reduction by carbon monoxide. The high temperature reactions would 
appear to consist in alternate reduction and oxidation of the surface 
as suggested by Prof. Schwab. These reactions are not in much ev¬ 
idence at room temperature with CugO, because reduction of the 
surface by carbon monoxide is much slower than its interaction wdth 
adsorbed oxygen. 

Dr. G. C. A. Schuit {KoninklijkejShell Lab., Amsterdam) said : A 
series of observations has been made on one binaiy’’ Ni catalyst, NiO+SiOa, 
prepared by coprecipitation. These observations tend to stress some points 
raised by communications made earher in this Discussion. 

{a) There is not one but a series of unreduced catalysts with the com¬ 
position, NiO—SiOa, consisting of a gradual change \ia three types : 

Ni(OH)a Ni kaolinite Ni mortmorillonite 

The sequence is important because the reduction becomes gradually 
more difficult in this direction, Ni(OH)a being completely reducible below 
200° C, but Ni montmorillonite necessitating a temperature > 500® C. 

(b) In all cases, however, the product of the reduction is a finety dis¬ 
persed Ni in a SiOa structure. 

(c) Depending on the completeness of reduction the Hg adsorption 
changes in tj-pe. Partially reduced catalysts show beautiful examples 
of acti\’ated a^orption ; completely reduced samples, however, are com¬ 
parable to Ni films. However, for these catal^’sts complete coverage neces¬ 
sitates about 10 times the amount of Hg observed for Ni films by Dr. Beeck. 
They are thus more finely dispersed. 

(d) The Hj coverage as a function of pressure (o-oi-ioo mm.) and tem¬ 
perature {—80® C to 400® C) has been measured in the same manner as has 
been done by Frankenburg for W— H^, The results are, however, different 
and comparable to the results of Beeck and Rideal and Trapnell when 
analyzed according to the Clausius-Clape^’xon equation. The plot of 
AH-coverage is concave and not convex to the abscissae. Frankeiiburg's 
results accordingly seem not of general value. Arguments based on his 
results, therefore, do not necessarily apply to other systems. 

(e) The actmty of the fully reduced catalysts for CgHg + Hg is ca. 
5 to 10 times that of Beeck*s Ni films (just as Prof. Taylor mentioned 
for NiO -t- CrgOg). However, as their surfaces from the total Hg adsorp¬ 
tion seems likely to be higher, it appears that the activity per unit of 
surface area is about equal to that of the Ni films. 

(/) For benzene hydrogenation preliminarj^ measurements tend to 
indicate likewise a constant acti\ity per unit of surface area. There are, 
how^ever, some peculiar points worth further investigation, e.g. : 

(1) partial reduction seems to pro\ide somewhat more active catalysts 
wffiich is rather surprising because at least a part of the surface is probably 
covered by oxygen. 

(2) Reduction of a montmorillonite catalj^t furnishes catalyst samples 
which are a factor of 10 less active. No explanation of this can be given 
as yet. 

Dr. R, H. Griffith (.V. Thames Gas Board, London), said: Although 
this section is strictly concerned with oxide catalysts, it may be per¬ 
mitted to extend the discussion to include sulphides, for in some instances 
these provide interesting information. This is particularly so in certain 
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oxidation reactions. For example, if oxygen is admitted to NiS it forms 
a chemisorbed layer which is not removed by evacuation but which reacts 
at room temperature with HgS to give HgO and chemisorbed S.^* These 
chemisorptions can occur to a very large extent and produce a slight 
increase in the lattice parameters of jS-NiS. Again, when COS is oxidized 
on NijSj the reaction is kno%vn to occur by collision of the sulphur com¬ 
pound with chemisorbed oxygen by a first-order reaction retarded by 
SOa. Here, then, are two examples where the change occurs by collision 
of one molecular species 'v^dth the other in a chemisorbed state, in which 
there can be no possible confusion with oxygen initially present as part 
of the catalyst. 

It is to be expected that chemisorbed oxygen and sulphur would 
produce large changes in the electrical properties of sulphide catalysts 
of this type, and such measurements are now being made in our laboratory. 

Dr. E. R. S. Winter {Imperial College, London) said : Dr. E. Whalley 
and I can provide independent confirmation that the surfaces of oxides 
are very labile and will exchange oxygen with H2^®0 vapour. Thus 
y-AlaOs, MgO, ThOa, TiOg and ZnO have been examined, and show ready 
exchange of oxygen with water vapour at temperatures as low as 120® C 
(y-AlaO, will exchange at room temperature). These temperatures are 
^1 much lower than those at which exchange of the same oxides with 
gaseous oxygen is significant, and this indicates the minner in which the 
hydrogen atom promotes oxygen lability at the surface. 

The number of readily-exchangeable atoms of oxygen/g. of oxide, as 
determined by the exchange, is of the same order as that found 

(at higher temperatures) from exchange with oxygen gas : both these 
quantities are similar in magnitude to those calculated from low-tem¬ 
perature nitrogen isotherms by the B.E.T. or Harkins-Jura method, as 
is shown in the Table. 


Oxide 

Exchangeable 0 , Atoms/g. of Oxide 

From HgO Exdiange 

From O2 Exchange 

From N2 Isotherms 

AlgOj 

1*32 X 10*1 (200® C) 

1-3X10*1 (550® C) 

1 - 35 X 10*1 

ThO, 

3-48 X 10*® (120® C) 

5-9 X 10*® (500® C) 

4*9 Xioi® 

TiOj 

9*3 Xl0*®(i20®C) 

3*1 X lo*® (400® C) 

9*1 X iqI® 


The use of i® 0 , incorporated into the catalyst surface by exchange 
with Hj^®0 vapour, to study the extent to which the surface takes part 
in heterogeneous reactions is demonstrated by the recent work of 
Karpacheva and Rozen.^’ 

Dr. H. de Bruijn [Geleen, Netherlands) {communicated) : What has 
struck me particularly in the paper present^ by Dr. Winter is that there 
exist two temperature regions in the case of CrgOj and MgO, with largely 
different activation energies. A similar effect of temperature on the 
activation energy is found with the decomposition of ammonia on an 
iron catalyst singly-promoted with aluminium or magnesium oxide, a 
region with an activation energy of 0-15 kcal. and another region with 
E = 40-50 kcal. As yet no explanation has been given for thus change 
of activation energy with temperature. 

“ Badger, GiijEth and Newling, Proc, Roy. Soc, A, 1949, 197,184. 

w Whalley and Winter, /. Soc., 1950, 1175. 

^ Milliken, Mills and Oblad, this Discussion. 

” A.C.S. Abstr, 44, 917. 
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It occurs to me that there is a certain analogy between both cases. 
In both cases we have : 

(1) a chemical surface reaction, one of the reactants being mobile 

0 „ + [0-] :;z: [0-1 + o„ [NH3] [nhj + h 

+ H 

[^] +H 

(2) a desorption process of molecules, originally adsorbed as atoms. 

It might perhaps be possible to j&nd out whether this analogy is real 
from the following experiments : 

(a) Extension of the temperature region in Dr. Winter’s experiments. 
(In the NH3 decomposition the higher value of the activation energy is 
again found at high temperatures.) 

(b) A study of the kinetics. In the low activation energy region the 
kinetics are totally different from those prevailing in the high activation 
energj” region. 

(c) Addition of potassium ions. This inhibits the region of low activ¬ 
ation energy in tihie decomposition of ammonia (a doubly promoted 
catalyst does not show regions of different activation energies). 

Dr. P. H. Given {Leathevhead) said : If the reactions of hydrocarbons 
on the surface of cracking catalysts proceed through the intermediate 
formation of carbonium ions and are analogous to corresponding reactions 
in solution, one w-ould expect in the suiface reactions the strong depend¬ 
ence of the rate of reaction on the nature of hydrocarbon system that is 
found in solution ; the very wide variation of the rates of the substitution 
reactions of aromatic systems in solutions are particularly well known. 
In their study of the cracking of diarylethanes. May, Saunders, Kropa 
and Dixon found the relative rate constants to decrease with increasing 
electronegativity of substituents, as would be expected if the critical 
reaction is an attack of a positive ion on the aromatic compound, but 
the overall decrease for the series they studied is small (about loo-fold). 
We ha'V’e found a similar small dependence of reaction rate on the nature 
of the aromatic system in the reaction of dimethyl ether with aromatic 
compounds to give (mainly) monomethyl derivatives.*® When the re¬ 
actants were passed over a silica-alumina catalyst at 450®, the conversion 
to monomethyl derivatives in moles % was as follows (the contact time 
being the same in all cases) : 

Aromatic Compound 

Reacted : . . . pjTidine benzene toluene thiophene ^-xylene 

Moles % Monomethyl 

Product . . •3*5 13’5 16 16*5 21 

These figures may be taken as an approximate measure of the relative 
rates of reaction. The thiophene figure is probably too low, because 
some decomposition occurred. With this exception, the figures are cer¬ 
tainly in the order expected, if, as is probable,*^ the reaction in\’X)lves 
attack of a positive (methyl) ion on the aromatic ring; but there is sur¬ 
prisingly little difference between them. This fact may be connected 
with the different processes by which a molecule becomes activated in 
reactions in solution and on a surface. Presumably in aromatic structures 
the contribution of those canonical states that bear integral charges (which 
are responsible for orienting effects, etc.) to the resonance hybrid varies 

See, for example, Wheland, The Theory of Resonance and its Application 
to Organic Chemistry, 1947. “ This Discussion. 

®® Hammick and Given, J. Chem, Soc,, 1947, 928 ; 1948, 2154 ; and unpub¬ 
lished data. 

Bremner, Research, 1948, i, 281; Greensfelder, Voge and Good, Ind, Eng. 
Chem., 1949, 41 , 2573. 
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with temperature and also with adsorption, but one cannot at present 
suggest how ; the surface reactions considered take place at a temperature 
some 400® higher than the solution reactions. These points draw atten¬ 
tion to an aspect of the mechanism of reactions on cracking catalysts 
that requires further study. 

Dr. J. Weiss (Durham) (communicated) : We have found recently 
that a number of substances (e.g. dicinnamylidene acetone) which possess 
a system of conjugated double bonds give colour reactions in which the 
surface of the alumino silicate assumes the role of an acid. We have 
studied this acid function in some detail in relation to the adsorptive 
properties of the alumino silicates. We have now had an opportunity to 
study also a number of commercial alumino silicate cracking catalysts 
and we find that the relative catalytic activities are correlated to the 
intensity of the colour produced by these reagents so that this might serve 
perhaps as a rapid test to assess the activity of these catalysts. 

Dr. A. G. Oblad (Marcus Hook, Pa.) said : I should like to re-emphasize 
that point pertaining to the detailed structure of a silica-alumina catalyst 
which we have made in our paper and which is contrary to the suggestions 
of Dr. Tamele, Dr. Beeck, Dr. C. H. Thomas and others. We do not 
beheve that a structural acid of either the Lewis of Bronsted type exists 
in the catalyst. Our point is that the catalyst has a potential to act as 
an acid and does so when placed in the vicinity of a base. This dis¬ 
tinction is to us an important point because it has immediate bearing on 
the structure of the catalyst. To say that the catalyst contains structural 
acids of the Bronsted or Lewis type means that the alumina and silica 
are disposed in a particular manner. The presence of a Bnzfnsted acid 
implies that aluminium exists in a four-ordinate form stabilized by a 
proton. On the other hand, the presence of a Lewis acid implies that 
aluminium is three-co-ordinated and surrounded by only three oxygen 
atoms. Both these structures to us are hypothetical and are not in 
accordance with the chemistry of the catalyst. These structures cannot 
exist unless some agent other than a proton is present to stabilize aluminium 
in these forms. It is our conclusion for calcined catalysts that the alu¬ 
minium exists entirely as y-alumina and that some of the aluminium ions 
are capable, in the presence of the silica, to shift to the four-co-ordinate 
or acid ” form. This it does, however, only in the presence of stabil¬ 
izing agents. The reversible shift of the active aluminium ions is an in¬ 
tegral part of the catalytic action of silica-alumina. 

Dr. D. D. Eley (Bristol) said : Dilke, Sheppard and myself have 
recently obtained preliminary values for the Iwnd energy RN AICI3 
over a range of substances nitrogen bases RN. The energy varies in an 
interesting fashion with the nature of RN. I believe it would be a matter 
of great interest to heats of adsorption of nitrogen bases on silica-alumina 
cat^ysts, for then a con elation with our data on AICI3 might yield a 
valuable indication of the nature of the “ active centres 

Dr. Alwyn G. Evans (Manchester) said : I should like to describe some 
experiments which Dr. Hamann and I have carried out on the olefin, 
I : I diphenylethylene, ^iC=CHa. We chose this olefin because it does 
not polymerize further than the dimer, and we could thus study its be- 
ha\dour in the presence of acid catalysts without the formation of high 
polymers. We have treated this olefin with acid catalysts to see if 
carbonium ions are formed by proton addition to the double bond. 

© 

The ultraviolet absorption spectrum of the carbonium ion gives 
a marked absorption peak at 431 m^t (e.g. ^aCHSO* in cone. H2SO4).®* 
We find that the solution of in cone. HaS04 shows a very similar 

J. Ckem. Soc., 1948, 2164. “ Trans. Faraday Soc. {in press). 

** Hantzsch, Ber., 1921, 54, 2573; Anderson, J. Amer, Chem, Soc., 1930, 
S 3 * 4567- 
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spectrum with a peak at 434 m^. This spectrum is quite different from 
that of <l>iO=CK2 itself, and we attribute it to the presence of the carbonium 
0 

ion ^gGCHa, formed by the transfer of a proton from H2SO4 to ^2G=CH2. 
We also find that ^aC=CH2 gives an almost two-fold depression of the 
freezing point of HgSO*, and this confirms the occurrence of the proton 
transfer reaction 

0 9 

H2SO4 + ^2C=CH2 HSO4 -f ^aCCHa 
under these conditions. 

This absorption peak was also obtained (at 430 m/x), when ^aC=CH2 
was brought into contact with a solution of BF3 in benzene. The benzene 
had not been subjected to any rigorous dr^dng, and the solution therefore 
contained the strong acid F3BOH2. In this case too, we attribute the 

0 

absorption peak to the presence of the ion ^gCCHj formed by proton 
transfer from F3BOH2 to the olefin. 

We also studied the action of a clay on the olefin. Activated floridin 
was suspended in paraffin and ^2C=CH2 was added. This suspension 
showed an absorption peak at 430-440 m^. In this case the colour was 
located on the surface of the clay particles. We attribute the spectrum 

0 

to the presence of the ion a.t the surface of the clay particles 

formed by proton transfer from the floridin to the olefin. 

Dr. Herman E. Ries, Jr., Dr. John S. Melik and Dr. Marvin F. L. 
Johnson (Harvey, Illinois) (communicated) : Low-temperature nitrogen 
adsorption techniques have been used for determining surface area, pore 
volume, pore radius and sintering characteristics of representative cracking 
catalysts and related materials (Table I). Significant differences in struc¬ 
ture characteristics have been demonstrated for silica-magnesia, silica- 
alumina and clay cracking catalysts as well as for several widely different 
forms of silica. The virgin silica-magnesia catalysts studied have prac¬ 
tically their entire area contributed by the very smallest of pores in the 
10 to 15 A pore radius range. The S57iithetic silica-alumina catalysts 
are composed of pores appreciably larger but still amost exclusively in 
the smaU pore range, 15 to 25 A radius. The clay catalysts have a con¬ 
siderably wider pore size distribution which includes pores ha\ing much 
greater radii. In general, surface area values for the synthetic catalysts 
are greater than for the clays. 

^acuum sintering properties of the silica-magnesia, silica-alumina 
and clay catah^sts are also quite different. The silica-magnesia catalj^ts 
studied sinter to zero area at 800° C (1472® F). The silica-alumina 
synthetic materials fall to zero area in the neighbourhood of 1000° C 
(1S32" F). The clay catalysts approach zero area in an intermediate 
region, 850-900° C (1562-1652° F). 

In the presence of steam the sintering process is accelerated for the 
three types of catalysts. Apparently the silica-magnesia catalysts are 
somewhat less sensitive to steam than the silica-alumina and clay catal^’^s. 
Steam sintering effects a reorganization of the silica-alumina and clay 
structures in a relatively profound manner to increase pore size whereas 
the pore structure of the silica-magnesia catalysts is not changed signifi¬ 
cantly. For the vacuum-, intered silica-alumina catalysts the structure 
of the pores remaining is effectively the same as their initial structure. 
Use of the catalysts in commercial cracking processes causes an increase 
in pore radius and structure changes that are strikingly s imil ar to those 
produced by small scale steam treatments. It thus appears that steam 
at elevated temperatures may be the principal factor in the deterioration 
of the physical structure of cracking catalysts. 

Adsorption-desorption isotherms demonstrate the sharp contrast 
between the small pore Davison silica gel (r = ii A) and the large pore 
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aerogel {y = 98 A). Their areas are similar, 809 and 796 sq. m./g., 
respectively. The isotherm for non-porous Linde silica resembles that 
of the aerogel although its area, 180 sq. m./g., is considerably smaller. 
It has been obser\^ed qualitatively that the smallest pore systems show 
practically no hysteresis, and that adsorbents with larger pores have 
broader hysteresis loops. For still larger pore s3"stems the hysteresis 
loop begins to diminish and finally disappears for extremely large pore 
materials or non-porous particles. 

Extension of these and related studies to catalysts deactivated by 
various treatments will improve our understanding of catalyst deterioration 
and lead to improved preparations. 

Dr. J. K. Dixon (Stamford, Conn.) (communicated ): It was suggested 
that in the cracking of ditol^dethane to produce methyl st^Tene the re¬ 
action may be controlled b^’’ diffusion processes. Dr. Glueckauf has 
asked whether an explanation based on a diffusion-controlled process is 
compatible with the results shown in Table II where the structure of the 
diarylethane has an influence on cracking rate. The influence of the 
particle size of the catah^st on cracking rate has not been studied exten- 
siveh- with all of the diarydethanes containing electronegative constituents, 
but it was found to be still e\’ident in the cracking of the dichlorophenyl- 
ethanes. Dr. E. W. Thiele, who was present at the meeting, presented 
an analysis of the relation between particle size and catalytic activity 
a number of years ago.*® Above a certain particle size the catal3rtic activity 
depends upon the total external surface of the catalyst particles, and 
with large particles the reaction is completely diffusion controlled. For 
smaller sizes the catalytic activity is proportional to the internal surface 
area (amount) of the catatyst. Thiele's analysis shows there is not 
necessarily any sharp transition from the case where external area rather 
than internal surface area controls. In the transition region both factors 
are important. Our paper indicates that in the cracking of ditolylethane 
the diffusion process appears to govern the cracking preponderantly. 
As the reaction rate decreases for other diarylethanes, as shown in Table II, 
the effect of chemical structure requires that the internal surface become 
of more importance and the overall rate less dependent on diffusion. 
The data at hand do not permit a quantitative analysis of the problem. 

Dr. J. S. Anderson (Harwell) (communicated) : Prof. Selwood's work 
seems to fit very neatly on to the results obtained by Prof. Hiittig, over 
many years, in his studies of reacting oxide systems. It suggests that 
the changes in magnetic susceptibility observed during that phase of the 
reaction attributed by Hiittig to surface migration (stage (6)) reflect 
the changes in magnetic en^Tronment of diffusing paramagnetic ions, 
and possibl)' valence induction effects also. 

Selwood stated in this Discussion that he had observed evidence 
neither for surface diffusion nor for the formation of ** monolayers ” of 
supported oxide. His mode of preparation may, however, consistently 
give stabilized surfaces. There is no doubt at all that surface migration 
does occur : that is well attested by the work of Hiittig, Jander, Sdiroder 
and others, and indeed by the very occurrence of reactions between solid 
oxides. The formation of Selwood's islands of supported oxide may, 
however, correspond to the change from stage (6) to stage (c) in Hiittig's 
reaction scheme. It w-ould be most interesting to know whether in his 
collection of experimental results Prof. Hiittig has data for the temperature 
dependence of magnetic susceptibility at successive stages in the interaction 
of some of his oxide systems, so that this could be analyzed along the 
lines developed hy Selwood. If no suitable results are extant, data of 
this sort would be worth obtaining. 

Mr. D. A. Dowden (Billhigham) said ; The oxides of three-valent 
aluminium, manganese and iron exist not only in the stable rhombo- 
hedral form but also in the defective spinel lattice or in lattices very similar 
** Ind. Eng. Chem., 1939, 31, 916. 
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to it. Radius ratios suggest that chromium sesquioxide may under some 
conditions possess a defective lattice of the same t5q)e.®® Such extensively 
defective lattices may possess considerable importance in catalysis by 
oxides. Has Dr. Selwood any evidence from his work for the induction 
of the y-spinel lattice in oxides, particularly CrgOg, supported upon 
y-alumina or for lattice induction, as opposed to valence induction, in 
general ? 

Dr. P. W. Selwood (Xorthwesiern University, Illinois) (communicated ): 
We have no evidence for lattice induction. The induction of valence 
probably never occurs be^^ond one, or at the most two, atom layers. 

Mr. N. W. Luft (Waltham Abbey, Essex) (communicated)'^ : The cata¬ 
lytic oxidation of NH3 is a typical example of so-called high-efficiency 
catalysis in the sense of Wagner and Todes.®® If the temperature in 
the reactor is not exceedingly high homogeneous processes are of little 
importance. The consumption of NH3 is controlled by the rate of dif¬ 
fusion or transport of NH3 molecules from the gas flow to the catalyst 
surface. Allowing for longitudinal diffusion in the incoming gas and 
using average values of the physical properties and usual values for the 
coefficients of material transfer,®® the theoretical NH3 conversion in a Pt 
gauze, calculated with this assumption, agrees well with known experi¬ 
mental results. The fraction / of non-con verted NH3 (in terms of initial 
NH3 concentration) at any point is : 

/ = I — (i — /o) exp (UxjD) ; X <Q\ . . . (i) 

/ = (I 4 - aJDjU)--^ = /a; = o ; . . . (2) 

f = fo exp ( - ajx) ; o < . . . (3) 

X = co-ordinate in direction of flow; the catalyst bed extends from 
X o to X Xe; 17 = linear velocity of flow ; D = diffusion coefficient; 
a„ = surface area of catalyst per unit volume of bed ; j = transfer factor,®® 
This shows that the main decrease of the NH3 concentration takes place 
in the incoming gas in front of the catalytic gauze. Comparatively simple 
assumptions lead to a maximum of the NO concentration for very small 
contact times, i.e. near the entrance of the catalyst bed and to a subse¬ 
quent maximum of the NjO concentration, which has already been 
observed experimentally. 

It seems difficult to support convincingly any particular one of the 
three alternative intermediates NH, HNO and HaNOH by the available 
experimental data. On thermodynamic and kinetic grounds both NH 
and HNO, and to a lesser extent also HgNOH, might occur as primary 
intermediates. The formation of HONO and HOONOg according to 
Zawadzki's mechanisms is improbable for steric reasons, and that of NO 
by way of HONO is considered as being too slow in comparison with 
experimental findings. 

Many steps will presumably foUow the Eley-Rideal mechanism for 
reactions between gaseous molecules and adsorbed radicals. Probably 
OH radicals, wffiich in Zawadzki’s scheme are only allowed to recombine, 
pla}’ a major part in the process, e.g. by 


NH -f Og NO + OH . 
HNO 4- O3 NO -j- OH + O 
HNO + OH NO + HaO . 
HNO + NO NaO + OH . 


(4) 

(5) 

( 6 ) 
(7) 


Then the concentrations of OH, O, OgH, NH and HNO may be regarded 
as characteristic constants for a given catalyst and working conditions. 


Visser, Cheni. Weekblad, 1946, 43, 127. 

* A detailed account will be published later, 

Wagner, Ghent, Technik., 1945, 18, i. 

Todes, izvestia A had, Xauh. U,S,S,R„ 1947. 

Hougen and Watson, Chem. Process Principles (London, 1948). 
Eley, Advances in Catalysis (New York, 1948). 
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Together -with Wicke's hydroxyl theory of catalytic dehydrogenation 
processes, these assumptions lead to a unified kinetic explanation of the 
catalytic activity of Pt and metal oxides in NH3 oxidation. 

Wicke, Angew, Chem., 1947, 5 P» 34- 


IV. TECHNIQUES 

INTRODUCTORY PAPER 
By J. W. Mitchell 

Experimental investigations on heterogeneous catalysis and related 
problems have, in recent years, fallen into two main groups. In the 
first group, laboratoiv" scale experiments have been made vith catalytic 
materials under conditions approximating as closely as possible to those 
of corresponding industrial plant processes, and much valuable information 
has been obtained. The catalyst s^^tem is, in these investigations, usually 
regarded as a whole ; the experimental conditions are complicated, many 
variables being involved, and the results are not often amenable to 
theoretical analysis in terms of detailed models of the reacting system. 
In the second group, emphasis is placed on the elucidation of the mechan¬ 
ism of chemical change in catalytic systems, the ultimate aim being to 
evolve a sound theory of catah^sis. Only the most simplified theoretical 
models can be used to represent the interaction between gas molecules 
and adsorbing surfaces and as many variables as possible must therefore 
be eliminated from experimental work done with the aim of stimulating 
and assisting parallel theoretical research. 

This section on experimental techniques is concerned mainly with 
investigations in the second group, from among which the following 
ma}" be mentioned : measurements of the adsorption and of the heats of 
adsorption of gases on catalytic surfaces; measurements of the work 
functions of gas covered surfaces from which deductions may be made 
about the state of the adsorbed molecules ; measurements of the change 
in electrical conductivity which occurs when a film or thin slab of catalytic 
material is exposed to gases ; and finally, studies of reactions which 
proceed at low temperatures such as, for example, the 0- to ^-hydrogen 
conversion. 

All these techniques depend upon the preparation of catalj’tic or 
adsorbing surfaces of reproducible initial behaviour. When the pro¬ 
perties of metallic surfaces are being investigated, this may be done by 
evaporating layers on to thoroughly outgassed substrates under the best 
attainable vacuum conditions. The properties of such evaporated films 
depend upon their thermal history but heat treatment cycles can be 
evolved which allow them to be reproducibly conditioned for work at a 
given temperature. The e\"aporated films have not the robustness of 
the commercial forms of the metallic catalysts; their behaviour is liable 
to change irreproducibly during the course of experiments and they are 
not usually stable at high temperatures. Many results of great value 
for the development of fundamental ideas have nevertheless been obtained 
v^ith them. It does not appear possible at present to out-gas, sufficiently 
thoroughly for the most critical work, metals in the form of wires or sheets 
apart from those of the highest melting points such as tungsten. Clean 
surfaces which will give satisfactory results in man^’’ investigations can, 
however, be produced by exposing massive metals to atomic hydrogen 
or to positive ion bombardment. Surfaces prepared in this way have 
the advantage of being more stable than those of evaporated films. 
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Beeck and his collaborators have demonstrated that orientated metallic 
films may be produced b)” depositing metals by evaporation in low pres¬ 
sures of inert gases, and a number of special techniques are available for 
converting thin sheets of massive metals into single crystals of certain 
preferred orientations. These orientated surfaces should prove par¬ 
ticularly valuable for fundamental investigations. 

Far greater difficulties are experienced in preparing surfaces of oxide 
catalysts of known orientations and reproducible characteristics. Evapor¬ 
ation techniques cannot be generally employed because they are liable 
to lead to the deposition of mateiial having a variable defect structure. 
Thorough outgassing in vacuum of a massive specimen may also result 
in a loss of oxygen. Despite these difficulties there have been many 
valuable studies of the adsorption of gases and of the heats of adsorption 
of gases on oxide systems. 

In the present group of papers, Allen and the writer describe the 
results of gas adsorption measurements on thin copper films deposited by 
evaporation under good vacuum conditions. Quantitative adsorption 
measurements of this kind necessarily precede more detailed work on 
heats of adsorption and related properties. The measurement of the 
heat of adsorption on a known surface provides a most powerful method 
for determining the strengths of the bonds formed between the adsorbed 
molecules and the substrate. Beeck, Cole and Wheeler describe a calori¬ 
meter with which they have obtained reproducible results for the incre¬ 
mental heats of adsorption of gases on evaporated metallic films. 
Morrison and Los have developed a precision low temperature adiabatic 
calorimeter which will be used for the investigation of the adsorption of 
argon on titanium dioxide. The interpretation of the results of measuie- 
ments of the incremental heats of adsorption must depend on the initial 
gas coverage of the specimen. It appears that this requires careful 
consideration. 

The measurement of the change in the work function of a surface 
which is caused by the adsorption of a gas on the surface allows the 
calculation of the electric dipole moment of the surface layer, from which 
it is possible to draw conclusions about the nature of the adsorbed layer. 
These measurements are most conveniently made by the Kelvin method 
and for this purpose an ingenious apparatus in the form of a hollow cell 
tuning fork has been developed by Mignolet. The changes in work 
function are determined by measuring the changes in contact potential 
difference between two electrodes, one of which is used as a reference 
electrode and upon the other of which a metallic layer is deposited by 
evaporation and exposed to the gas whose effect is being studied. In 
practice, the gas will also be adsorbed by the reference electrode and the 
fact that tw’O work functions are changing simultaneously must complicate 
the interpretation of the results. The possible use of well-aged tungsten 
in the form of sheet or strip as a standard reference electrode for experi¬ 
ments in this field merits careful consideration. It may be readily out- 
gassed or reconditioned by being heated to a high temperature by electron 
bombardment and its work function is accurately known. 

Deductions concerning the interaction of adsorbed gas molecules 
with the substrate may be made from observations of the change in the 
electrical conductivity of a thin film of the substrate which occurs as a 
result of the adsorption. Measurements on thin metallic films have 
been made by Allen and the writer and on oxide films by Gray. Gases 
which are only physically adsorbed on the substrate do not produce 
resistance changes in such measurements, and the method thus allows 
physical adsorption to be clearly differentiated from chemisorption or 
chemical reaction. 

Selwood and Schroyer report on the measurement of proton relaxation 
times in water adsorbed on iron oxide supported on alumina by the 
nuclear induction method of Bloch, Hansen and Packard. This intro- 
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duces another useful technique for estimating the effective reactivity of 
a quantity of supported paramagnetic material. 

Two papers dealing with the dispersion and morphology of the catalytic 
material follow. The low angle X-ray scattering method described by 
Guinier gives otherwise inaccessible information on the internal hetero¬ 
geneity of catalytic materials and permits particle size estimations to 
be made within a limited range of sizes. Turkevich, Hubbell and Hillier 
examine the correlation between particle sizes of gold sols and catalysts 
determined by the electron microscope and by small angle X-ray 
scattering. 

Stable and radioactive isotopes will be extensively used in the future 
for the investigation of the adsorption of gases on solids, for studying 
exchange phenomena between the gas phase and adsorbed layers and 
diffusion in solids, all these processes having an immediate bearing on the 
problems of heterogeneous catalysis. This important field is review’ed 
by Turke\ich and his collaborators who give many examples of the use 
of isotopes for elucidating the mechanisms of catah^tic reactions. 

H. H. Wills Physical Ldboraiory, 

University of Bristol. 


THE ADSORPTION OF GASES ON 
COPPER FILMS 

By J. A. Allen and J. W. Mitchell 
Received loth February, 1950 

A simple experimental technique for investigating the adsorption of gases 
on evaporated metal films is described. Troublesome dead space corrections 
have l^en eliminated and the method of preparation ensures that the free 
surface of the film will be initially uncontaminated by adsorbed gas layers. 

The results of an investigation of adsorption and subsequent reaction of 
oxygen with copper films in the temperature range from — 183® C to 74® C are 
presented, and the adsoiptive properties of the films at low temperatures and 
their behaviour at the higher temperatures are shown to be strongly dependent 
on the thermal history of the films. 


The adsorption of gases on tungsten has been studied extensively 
by many investigators among whom Roberts ^ and Eley ® may be men¬ 
tioned. For adsorption work tungsten has the great advantage that a 
surface free from adsorbed gases and oxide films may be produced and 
renew'ed at will by heating a wire of this metal to 2800® C in a good vacuum. 
Clean surfaces may not be prepared in this way with lower melting point 
metals. They may, however, be conveniently formed by evaporating 
the metal under the best attainable vacuum conditions from thoroughly 
outgassed beads and condensing a thin film of the metal upon a glass 
substrate. This method has been used in the work reported in this paper, 
the object of which was to study the adsorption and subsequent reaction 
of oxygen with a series of copper films which were prepared under \’aried 
temperature conditions. The investigation forms part of a series of 

1 Roberts, Some Problems in Adsorption (Cambridge Univ. Press, 1939). 
See also Miher, The Adsorption of Gases on Solids (Cambridge Univ. i^ess, 1949). 

* Eley, Recent Advances in Catalysis. Vol. I (Academic Press, New York, 
1948), p. 157. 
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parallel studies by different methods,® the general purpose of which is to 
elucidate the mechanisms underl^dng the low-temperature oxidation of 
copper in the light of the theories recently advanced by Mott and Cabrera.* 
Its relevance to the present discussion lies mainly in the information 
which is obtained on the surface properties of clean copper films which 
have been subjected to different temperature treatments. It is of interest 
to compare the results obtained here with those of Beeck, Smith and 
Wheeler ® on nickel films similarly deposited on to glass substrates at 
room temperature, and on evaporated copper films prepared in various 
vrays. 


Experimental 


The copper films used in these experiments were deposited over the surface 
of a spherical glass bulb by evaporating copper from a thoroughly outgassed 
bead mounted on a tungsten filament at the centre of the bulb. This arrange¬ 
ment ensures that the deposited film will be very nearly of uniform thickness. 
The amount of oxj^gen adsorbed and its subsequent reaction -with the film were 
determined from pressure measurements made with a Pirani gauge. Correc¬ 
tions were made for the thermomolecular flow when the temperature of the 
bulb differed from that of the gauge. 

This procedure has the great advantage of providing in a sealed evacuated 
bulb a self-gettering system, the slow evaporation during deposition renewing 
the free copper surface which can thus continuously clean up residual gases. 

The surface of the film formed by the 
evaporation of the last traces of copper 
is probably as free from initial gas con¬ 
tamination as possible. Calculations show 
that a negligible amount of tungsten 
would evaporate from the filament itself 
at the working temperature. The inner 
surface of the bulb is almost completely 
covered by the copper film and, because 
of this, contamination of the free copper 
surface by gases diffusing from the glass 
will be reduced to a minimum. 

The oxygen for the experiments was 
stored in the Pirani gauge used for making 
the pressure measurements and also in a 
series of bulbs provided with breakable 
tips. It has been assumed, as is likely, 
that the walls of the gauge and the con¬ 
necting tubes remain covered with a con¬ 
stant film of adsorbed oxygen throughout 
an experiment. This system has the 
advantage of completely eliminating 
troublesome dead space corrections and 
thus has the further advantage that ac¬ 
curate measurements can be made in 
cases in which the amount of gas ad¬ 
sorbed is smetU. 

Apparatus.—^This is showm in Fig. i 
and consists of four parts. The spherical 
bulb B was 8 cm. diam. and was provided 
with a sealing-off constriction C and a 
glass stem S in which there was a breakable gas seal, the base of which vras 
approximately level with the contour of the bulb. Diametrically opposite 
the stem a two-lead tungsten-glass button seal formed part of the bulb wall. 
A 0*2 mm. diam. tungsten lament was mounted on the two tungsten leads 
and this filament carried, at the centre of the spherical bulb, a bead of spectro¬ 
scopically pure copper which had been prefused in hydrogen. The bulb was 
pumped out through its constriction and, during the evacuation, the copper bead 



® Allen and Mitchell (in press). 

* Mott and Cabrera, Reports Prog, Physics, 1948-49, 13 , 163. 

* Beeck, Smith and Wheeler, Proc, Roy. Soc. A, 1941, 177, 62. 
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was outgassed several times. Just before sealing off at a pressure of less than 
10mm. Hg, the bead was again thoroughly outgassed and a small amount of 
copper was evaporated. The details of the vacuum system and of the baking 
and pumping schedule employed have been described elsewhere.® The evacuated 
bulb was later sealed to the manifold. 

The gas tubes G each of about 80 ml. volume, had breakable gas seals and 
sealing-off constrictions. Before being filled wdth oxygen the}^ were evacuated 
to a pressure of less than 10-® mm. Hg and during the pumping they were baked 
at a temperature of 400° C for several hours. The pressure and temperature 
of the gas with which they were filled were measured with a McLeod gauge 
and mercury thermometer, respectively. The Pirani gauge P -was constructed 
according to the specifications given by Reimann.® Accurate pressure measure¬ 
ments could be made in the range from 10-^ to 10mm. Hg and the calibration 
curves obtained immediately before each experiment were extremely reproducible. 

The manifold to which the bulb, gauge and gas tubes were attached served 
with the gauge as a gas holder. The auxiliary’ bulb A which could be sealed 
off during an experiment was attached to the manifold when necessar}- in order 
to increase its volume. The ball bearing used to break the gas seals was not 
enclosed in gla'iS, but was baked in hydrogen before use. 

Volume Measurements.—Since, at the end of an experiment, the pressure 
in the apparatus was usually ^10-® mm. Hg, it could conveniently be filled 
with water by breaking the t’p of T^ below the surface of a weighed quantity 
of the liquid. The total volume was thus determined. The bulb and gas tubes 
were cut off and their volumes measured by weighing them full of water and 
empty. The volume of the manifold and Pirani gauge together was obtained 
by difference. If the auxiliary bulb had been used it would have normally been 
sealed off during the course of the experiment; its volume could be measured 
afterwards in a similar manner, Tg being provided for this purpose. 

The Preparation and Purification of the Oxygen.—^The oxygen was 
prepared from potassium permanganate by’ the method outlined by Farkas 
and Melville." Standard high vacuum methods in all glass apparatus were used 
and the pure oxy’gen was stored at a pressure of about 15 cm. Hg in small sealed 
ampoules provided with breakable tips. The gas tubes and the manifold were 
filled from these ampoules after thorough outgassing. 

Estimation of the Film Thickness.—^The geometric surface area of the 
copper fihn was calculated from the measured volume of the bulb. At the 
conclusion of an experiment the evaporated film was dissolved in nitric acid 
and a volumetric estimation of the total evaporated copper was made using 
the standard potassium iodide-sodium thiosulphate method.® As the bead 
had been mounted at the centre of a sphere the film was assumed to be of 
uniform thickness and the weight of copper per cm.® could therefore be calculated. 

For each experiment the size of the bead necessary to give the required 
amount of copper per cm,® was estimated in advance and the evaporation was 
continued untU all the copper had been removed from the filament. The 
shadows cast by the mounting of the tungsten leads and by’ the filament had 
particularly’ sharp boundaries, and their area did not exceed 0*2 % of the total 
area. 

Experimental Procedure.—^The apparatus was assembled and connected 
to the pumping sy’stem through T^ for the purpose of exhausting the Hrani 
gauge and manifold. During the evacuation it was baked at a temperature 
of 400® C for several hours and a pressure of less than lo-® mm. Hg was obtained. 
The filaments of the Pirani gauge were then flashed, the compensator bulb 
clamped on to the gauge and the two immersed in a bath at room temperature. 
The U'heatstone bridge constituting the Pirani gauge measuring circuit was 
then balanced. Oxy’gen was admitted to a pressure of 10mm. Hg and by’ 
reducing the pressure in stages the Pirani gauge was calibrated against a McLeod 
gauge. This ser\’ed two purposes, firstly’, to maintain a close check on the gauge 
calibration and, secondly’, to ensure that the walls of the manifold and the gauge 
were saturated with oxy’gen. The manifold was then filled to the desired pres¬ 
sure and, the pressure and temperature of the gas having been measured, the 
apparatus was sealed off from the pumping system. 

« Reimann, Phil. Mag., 1933, l6, 673; 1934, ^ 7 * 

^ Farkas and Melville, Experimental Methods in Gas Reactions (Macmillan, 
London, 1939), p. 156. 

® Scott, Standard Methods of Chemical Analysis (Van Nostrand, New York, 
1917), 2nd Edn., p. 163. 
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The bulb was then immersed in a bath at the desired temperature and the 
copper was evaporated by passing a current of 2-4 A through the filament. 
Copper films prepared in three different ways have been used : 

(i) deposited w’ith the bulb at room temperature and then cooled to 

~ 1S3"C; 

(ii) deposited with the bulb at — 183° C, annealed for 2 hr. at room tem¬ 
perature and then cooled again to — 183® C ; 

(iii) deposited with the bulb at — 183® C and maintained at this temperature. 

In all the experiments the oxygen was admitted wth the film at — 183° C 
and the temperature of the bath was changed successively to — 78° C, 20° C 
and 74® C, the film being kept at each temperature for a time sufficient to ensure 
that the rate at \vhich further gas was being taken up had become very small. 
The oxygen was admitted in the first instance by brewing the seal on the bulb 
and the pressure w^as maintained between any desired limits by opening further 
gas tubes. The initial pressure and temperature of the oxygen in the manifold 
and gas tubes were known ; after breaking the tip of the spherical bulb, the 
pressure in the manifold was measured wdth the Pirani gauge at suitable time 
intervals ; and the volumes of the various components w-ere measured at the 
end of the experiment. The number of molecules taken up per cm.® by the 
copper film could then be calculated from these results in the following manner. 

Calculation of Results. —With the exception of the measurements made 
W’ith the bulb at room temperature, the Pirani gauge with which the pressure 
measurements w’ere made was not at the same temperature as that of the bulb. 
In view of the magnitude of the pressures used, corrections must be made for 
the thermomolecular flow. This subject has recently been reviewed by 
Dushman ® w’ho concludes that, provided the ratio of the diameter of the 
aperture betw^een two vessels at different temperatures to the mean free path 
of the gas molecules is of the same order of magnitude as, or less than o*i, the 
simple law due to Knudsen can be applied. In the present w’ork this con¬ 
dition has been satisfied and the true pressure in the bulb at a temperature 
Tj is related to the pressure reading on the Pirani gauge, p», at a temperature 
Tj by the equation 

= (2’,/T,)4.(I) 

If Pj and Tj are respectively the pressure and temperature of the oxygen 
initially in the manifold before the seal to the bulb is broken, and the 
volumes of the manifold and bulb respectively, and is the pressure reading 
of the Pirani gauge at a temperature when n molecules of oxygen have been 
taken up by the copper film writh the bulb at a temperatme Tj, w is given by the 
equation 

« = NIR{V^(P, - PJ/r^ - P,V\IT,{T,IT,)i} . . (2) 

where N is the Avogadro number and R is the gas constant per mole. The 
experimental results have been calculated on the basis of this equation. 

Results and Discussion 

The results are summarized in Table I. The methods of preparation 
of the films in the first column refer, respectively, to the methods indicated 
in the previous section of this paper. The figures prefixed by the sign, 
>, arose from the fact that in these experiments the supply of oxygen 
w^as insufficient and the pressure fell to values too low to be measured 
wdth the Pirani gauge. 

It is clear from these results that the adsorptive properties of the films 
at low temperatures and their subsequent behaviour at room temperature 
and at 74° C are strongly dependent on the thermal treatment to which 
the films have been subject^. In addition, there are marked changes 
in appearance of films of comparable weight per unit area prepared under 
different conditions. Films deposited at room temperature have the 
normal copper-red appearance : those deposited at — 183® C are bronze 

• Bushman, Sdeniific FoundaSions of Veicuum Technique (Wiley, New York, 
1949). p- 65. 

Knudsen, Ann, Physik., igxo, 31, 205, 633, 
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in colour and, if such films are annealed in vacuum at room temperature, 
this appearance changes to the normal copper-red. If, on the other hand, 
films deposited at — 183° C are saturated with oxygen at — 183° C 
and then warmed to room temperature, practically no oxygen is evolved 
and their appearance does not change. 

TABLE I 


Method of 
Preparation 

Film 

Thickness < 
g.percm.^x lo^ 1 

1 

Number of molecules taken up per cm.* x lo-w of the geometrically 
calculate surface at: 

- 183® c 

- 78® C 

30® C 

74 ° c 

(i) 

6*2 j 


1*0 

2-6 

_ 


6*5 ' 

1 1.3 

1*3 

3*1 

10*3 


1 i 

j 1-5 

1*4 

3*0 

9*4 

(ii; 

' 6-9 , 

1-8 

1*9 

5*0 

6-6 


7*0 1 

2*4 

2*0 

6*0 

7*5 

(iii) 

1 4*7 ! 

8-1 

10*6 

12*9 

12*6 


' 6-6 

10*7 

12*1 

12*0 

II -7 


6-9 

10*0 

>10*0 

lo-o 

9*9 


10-8 

15-0 1 

>15*0 

14*9 

12*6 


i 

22-2 

26*0 

26*0 

26*0 


Behaviour of this kind has also been observed by Beeck, Smith and 
Wheeler.® They have reported that copper films evaporated in a good 
vacuum and condensed on a glass substrate at room temperature sinter 
immediately. Films evaporated in argon or nitrogen and deposited on 
a surface at — 183® C are blackish in appearance and, on warming to room 
temperature, completely release the gas and become more coppery. In 
addition, these authors have stated that copper films of small but measur¬ 
able catalytic actmty can be prepared b^' evaporating in hydrogen on 
to a surface at — iS3®C and that such films, on warming to room 
temperature do not sinter entirely because they retain some of the ad¬ 
sorbed hydrogen. 

The present observ^ation, that films 'which are deposited in vacuum 
on a surface at — 183° C and saturated mth oxygen at this temperature 
give up practically no oxygen on being warmed to room temperature, 
is clearly an extreme case of the beha^dour described by them, arising 
from the greater chemical affinity of oxygen compared with that of argon, 
nitrogen or hydrogen. 

They have also shotMi that the amount of carbon monoxide taken 
up at — 183® C by nickel films deposited in a good vacuum on a glass 
surface at room temperature increases linearly ttith increasing weight of 
the film. The straight line given by them for the adsorption of carbon 
monoxide has a slope ot 1*25 x lo*® molecules per gram.* The present 
measurements with oxygen admitted to copper films deposited and main¬ 
tained at — 183^^ C show’ a similar relation. The straight line obtained 
by plotting the results has a slope of 1*4 x 10*^ molecules per gram. It 
is clear, therefore, that the surface area of a copper film deposited at 
— 183° C and maintained at this temperature is comparable wdth that of 
a nickel film of the same geometric area and w^eight deposited at room 
temperature. These results are of considerable ^ele^"ance to discussions 
of the catalj’tic acti\’ity of copper films. 

* In these graphs the number of molecules adsorbed on a given geometric 
area is plotted against the weight of metal in the film of the same area, and the 
slope has, therefore, the units of molecules per gram. 
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The robults obtained with films deposited at room temperature are of 
particular interest in connection with recent ideas on the low-temperature 
oxidation of metals. At — 183° C and at — 78° C the number of mole¬ 
cules taken up per cm.® is approximate^ equal to the number which would 
correspond to a single adsorbed monolayer assuming free (in) copper 
surfaces, but at 20° C and at 74° C the number of molecules taken up per 
cm.^ strongly suggests that oxidation is actually proceeding. This is 
also borne out by an examination of the cur\’es in Fig. 2 in which the 
number of molecules taken up per cm.® is plotted against time for the 
temperatures — i83°C, 20° C and 74° C. The equilibrium values at 
20° C and 74® C correspond respectively, to oxide thicknesses of 24 A 
and 76 A if the densit3’ of the cuprous oxide is taken as 6 g. cm.“*. 



Fig. 2. 


We are greatly indebted to J. H. Burrow and D. A. Jones who made 
the glass apparatus used in these experiments. We also wish to acknow¬ 
ledge a research scholarship granted to one of us (J. A. A.) by the Australian 
National University. 

H, H. Wills Physical Laboratory, 

University of Bristol. 


DETERMINATION OF HEATS OF ADSORPTION 
USING METAL FILMS 

By O. Beech, W. A, Cole* and A. Wheeler j 
Received i^ih February, 1950 

A calorimeter is described suitable for the determination of heats of adsorption 
of gases and vapours on evaporated porous metal films. The heats of adsorption 
of hydrogen as a function of fraction of surface covered are given for nickel and 
iron films at room temperature and at liquid air temperature. A criterion for 
mobility of the adsorbed layer is presented and the vine of heat of adsorption 
measurements in the study of cat^3rsis is discussed. 


* Now on the teaching stafi of Los Angeles High Schools, 
t Now with E. I. du Pont de Nemours and Company, Experiment Station, 
Wilmington, Delaware. 
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Since heterogeneous catalysis always involves adsorption in one or 
several ways, e.g. of reactants, activated complex, products or poisons, 
measurement of heats of adsorption offers a powerful tool to measure 
the interaction of catalyst and adsorbate. In fact, in the absence of 
a quantitative extension of the present theories of the solid state to 
surface states, experimental heats of adsorption are the most direct and 
reliable measure of the strength of bonds in the adsorbed state. 

In continuation of the ork with metal films ^ the apparatus and method 
to be described was developed in 1940 and has since been used in numerous 
investigations. 

Experimental 

Apparatus and Method.—^The calorimeter employed is shown, in Fig. i. 
The lower part of the inner tube, the calorimeter proper, is made from a ver}" 
thin glass tube and is further etched with hydrofluoric acid to make the tube 
as light as possible (low heat capacity). Tubes of about 1*5 to 2 cm. diameter 



Fig. I. —Schematic sketch of 
heats of adsorption calorimeter. 



Fig. 2 .— Circuit diagram for 
calorimeter. 


-were used \vith a weight of 3 to 5 g. for 10 cm. length. About 4'5 m. of 3 mil. 
platinum 'wire (about 100 ohms) were wound over the last 10 cm. of tube right 
to the bottom and cemented on with a thin layer of sodium silicate (or better 
with the commercial product Sauereisen, which has the same heat capacity). 
This wire ser\’ed as a resistance thermometer. The metal film -was deposited 
on the inside of the tube from an electrically heated hairpin-shaped wire. The 
weight of the film was determmed by ■weighing this wire before and after the 
experiment. The weight of the total assembly was determined by cutting 
the glass tube as close as possible to the upper end of the platinum resistance 
thermometer windings. From the known weights and specific heats of the 
components (film, glass, thermometer wire, and cement), the total heat capacity 
was computed and could easily be kept belo%v 1 cal./®C. 

Fig. 2 show's the measuring circuit for the Pt thermometer. £« and 
are batten^, Rj is the resistance of the thermometer, Rj a resistance to regulate 
the measuring current through the thermometer, R^ the resistance of the galvano¬ 
meter (Leeds and Northrup Type HS, 16 ohms), R3 and R* are the arms of a 

^ Beech, Smith and \Mieeler, Proc. Roy. Soc. A, 1940, 177, 62. 
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Leeds and Northrup Type Kj potentiometer, and Rd a resistance across E<| 
which can be adjusted to equalize small drifts of the two batteries. 

It can be shown that if S is the sensitivity of the balanced circuit, i.e. the 
galvanometer deflection d in mm. caused by changing the potentiometer reading 
IO-* off balance, the heat of adsorption 

6o*6C(iei + R^)d 
^ aR^nS 

where n is the number of molecules adsorbed times io“i®, C the heat capacity 
of the calorimeter tube, and a the temperature coefficient of resistance of pure 
platinum which is 3-52 io“® at room temperature (23° C) and 1*76 x io~* 
at — 183® C, but which was actually experimentally determined for each of 
the several calorimeters constructed. 

There is some uncertainty as to the heat capacity of Pyrex glass at — 183® C ; 
but since the heat capacity of this glass is very close to that of sodium silicate 
(or Sauereisen) at room temperature, its specific heat at — 183° C was taken 
to be equal to that of sodium silicate at — 183® C which is 2*5 times low'er than 
at room temperature. 



Fig. 3.—Tjqjical calorimeter cooling curves. 


In a typical experiment the apparatus is evacuated at 500° C for 2 hours, 
cooled and the metal film deposited with cooling water running through the 
outer jacket. After the electrical connections are made (enclosed in glass 
tubes), the outer jacket is evacuated, thus turning the apparatus into a vacuum 
calorimeter. A thermostat is then raised immersing the entire calorimeter 
and filament assembly. The thermostat temperature is adjusted to room tem¬ 
perature ± 0*1° C. After equilibrium is established, admission of 0*1 mm. 
helium should cause less than i mm. galvanometer deflection. If, for instance 
the heat of adsorption of hydrogen is studied, this gas is stored in a reservoir 
connected with a McLeod g^uge at about o*i mm. pressure (McLeod bulb and 
connecting line is usually sufficient for capacity). In the beginning of the ex¬ 
periment the galvanom^er drift is followed by frequent readings for several 
minutes. Then a small amount of hydrogen is admitted to the evacuated 
catalyst tube by opening a stopcock for a few seconds. Galvanometer readings 
are now taken as often as possible (about eve^^o-i min.) until the galvanometer 
has returned to its starting equilibrium position. Fig. 3 shows the resulting 
cooling cur\*e (circles). Hydrogen is adsorbed instantaneously for several incre¬ 
ments admitt^ lea\’ing no residual pressure in the catalyst tube as indicated 
by a Pirani gauge connected to it. With subsequent addition of hydrogen. 



317 


O. BEECK, W. A. COLE AND A. WHEELER 


pressure will build up in the catalyst tube and is taken into account in computing 
the number n of hydrogen molecules adsorbed as calculated from the knowm 
volumes and pressures of both the reservoir and the catalyst chamber. The 
sensitivity S is determined after each experiment, although S remained con¬ 
stant to ± I % over long periods. In general the films were saturated to a 
final equilibrium pressure of o*i mm. (final coverage or total coverage, see 
Discussion). 

Since in most cases the heats of adsorption decrease with, fraction of 
surface covered and since gas increments admitted give average heat values 
for each increment, average coverages were calculated. If three increments 
gave 30 ®o» 50 °o pressure), the average coverage 

for these adsorption increments was taken as 15 40 %, and 75 % 


30 O' 30 + 50 O' 
T 2 


and 


50 


Oo). 


and these values were plotted against the heat 01 adsorption. With ethylene, 
selt-hydrogenation and polymerization made definition of total coverage meaning¬ 
less and in this case the heats of adsorption w^ere plotted against total number 
of molecules adsorbed minus 1/2 the molecules of the last increment. 

Extrapolation of the galvanometer cooling curves presents no difficulty if 
adsorption is fast (< o*i min.) and can be made graphically with an accuracy 
better than ± i %, as with hydrogen in Fig. 3 (circles). If adsorption is slow, 
how’ever, as for nitrogen on iron at room temperature * (Fig. 3, black points), 
extrapolation can be done more accurately by fitting the experimental cooling 
curve to the analytical expression 



■which was derived by representing the rate of heat input bj' an exponential 
term and the rate of heat loss by a term proportional to the galvanometer 
deflection D, so that 

dDfdt = — cD. 

The constant c can be evaluated from the theoretical cooling cur\’e of the calori¬ 
meter which is satisfactorily represented by the experimental case of fast 
adsorption, while b can be evaluated from rate of adsorption data. 


Discussion 

Fig. 4 shows the heat of adsorption of hydrogen as a function of 
surface covered. This example gives a good idea of the accuracy and 
reproducibility of the method since 16 different films were used, half of 
them oriented and half unoriented. 

Space does not permit to discuss fully here the present state of our 
knowledge of hydrogen adsorption. Beeck, Ritchie and Wheeler ® and 
Beeck, ]fetchie and Givens ® have shown that two t\’pes of sorption of 
hydrogen exist—adsorption which is very fast even at 15° K (low activa¬ 
tion energy), and absorption into the structure which is slow and whose 
rate is temperature dependent (high activation energ;^’). It has also been 
shown that the low-temperature adsorption of hydrogen at 80® K, which 
is practically constant between lo"^ and io“^ mm. pressure, is a true 
measure of the surface ® since no measurable absorption takes place at this 
temperature, although the total sorption at room temperature and o*i mm. 
piessure shortly after admission was found to be almost identical with 
the adsoiption at 80° K. This means that at room temperature and 
o-i mm. a small amount of hydrogen is absorbed, making the heat of 
adsorption too large. The heat of absorption of hydrogen into the nickel 
lattice was further studied on sintered nickel films with a small surface 
and was found to be considerably lower than the heat of adsorption (see 

* It is of interest to note that this is the only case of slow “ activated ” 
adsorption that was observed in studies of many gases on many metals, all 
others being too fast (very low activation energy or less than i kcal./mole) 
or definitdy proven to be absorption into the structure (see also *). 

® Beeck, mtchie and Wheeler, /. Colloid Set,, 1948, 3, 505. 

* Beeck, Ritchie and Givens, ibid., (in press). 
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the comprehensive discussion of this subject b}'- Beeck *). It would thus 
be expected that the heat of adsorption at —- 183® C (where no absorption 
takes place) would decrease to much lower values for 100 % coverage 



Fig. 4.—^Heat of adsorption at 23® C of hydrogen on evaporated nickel films 
as a function of surface covered. 

O Oriented films ; Q Unoriented films. 

J^t — 183° C than at room temperature. This is fully borne out by the 
data in Fig. 5, which not only show that the original estimate o-f extent 
of surface of the metal films ^ is well founded, but that the heats of ad¬ 
sorption at room temperature and at — 183® C are identical and that 



Fig. 3.—^Heats of adsorption of hydrogen at — 183® C on evaporated nickel 
films (points) in comparison with the heat of adsorption at 23® C (curve) as a 
fimetion of surface covered. 

^ “ Catalysis and Adsorption of Hydrogen'' by Beeck in Advances in Caton 
lysis, Vd. Il (Academic Press, New York, 1950). 





0. BEECK, \V. A. COLE AND A. WHEELER 319 

the i?&sorptioii or solution does not take place at room temperature until 
75 % of the surface is covered. 

The heats of adsorption of hydrogen as a function of fraction of surface 
covered and those of ethylene as a function ot molecules adsorbed are 
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Fig. 6.—Heats of adsorption of hydrogen on evaporated iron film at — 183° C 
(points) in comparison with the lieats obtained at 23® C (curve) as a function 

of surface covered. 

shown in Fig. i and z of this Discussion.^ It is seen that the initial heats 
of adsorption on a sparsely covered surface increase from rhodium to 
tungsten. All heats decrease with fraction of surface covered and the 
slopes of the curves are steeper for metals with high initial heats than for 



Fig. 7.—^The heat of adsorption on iron at — 196° C as a function of surface 

covered, 

* Hydrogen Catalysis, This Discussion. 
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those with low heats. (The slope of the curve for hydrogen on tantalum 
is especially steep due to relati\'ely large absoiption into the structure, 
and the shape of the ethylene adsorption curves is influenced by self- 
hydiogenation and polymerization.) It has been concluded that the 
decrease of heat of adsorption of hydrogen is due primarily to the inter¬ 
action of adsorbed atoms mth neighbouring sites and not due to intrinsic 
energetic heterogeneity of the sites, although such heterogeneity can 
easily be produced by foreign atoms on the surface (poisons) or will cer¬ 
tainly be present in surfaces of substances which contain several atomic 
species (alloys, oxides, etc.) where different atoms might be exposed by 
the surface. Arguments in favour of this conclusion have been discussed 
in great detail by Beeck,‘‘ where a criterion for mobility (migration from 
site to site) of adsorbed atoms is also given. 



Fig. 8 . —^Heats of adsorption on tantalum 
(upper curve nitrogen, lower curve hydro¬ 
gen on top of nitrogen). 


This criterion for mobility is 
based on the reasoning that if 
the heats of adsorption decrease 
with fraction of surface covered, 
atoms adsorbed on a sparsely 
covered surface must have taken 
positions far apart from each 
other in spite of the fact that 
all molecules make their access 
to the internal surface through 
the same pores from the outside 
of the film and would be expected 
to be adsorbed on the first free 
sites available so that the heats 
of adsorption on a well-covered 
surface are high. If these heats 
were relatively low, distribution 
of adsorbed atoms could of course 
proceed through evaporation and 
readsorption. This, hovever, is 
not possible lor hydrogen on 
nickel at — 183° C, so that 
migration alone must in this case 
be the reason for deposition of 
the atoms far enough apart for 
maximum energy- of adsorption. 

The behaviour is different 
for hydrogen on iron (Fig. 6) 
where the initial heats of ad¬ 
sorption at room temperature 


are only slightly higher than on nickel, but where the heats of adsorption 
at — 183° C are constant over the whole surface until a sharp decrease 
occurs when the surface is completely covered. In this case (no migra¬ 
tion) the incremental heats represent average values, each new increment 
filling up completely a new section of the internal surface of the film. 

Fig, 7 shows the heat of adsorption of nitrogen on iron at — 183° C. 
Similar results were obtained with nickel. The unexpected high heat is 
in excellent agreement with the fact that the adsorption isotherm at 
this temperature has a relatively flat poition between io~* and lO”^ mm. 
pressure,* As a consequence, nitrogen cannot be used for these and 
other clean metals in the evaluation of their surface by the B.E.T. method. 
A detailed discussion of this subject has already been given.^ 

Fig. 8 shows the heat of adsorption of nitrogen and of hydrogen on 
top of nitrogen on tantalum at room temperature. As previously men¬ 
tioned, hydrogen itself is not only strongly adsorbed but also adsorbed 
into the structure to so large an extent that 860 x 10“ molecules per 
100 mg. film (deposited at room temperature) are sorbed at 1*3 mm. 
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gas pret'&ure. However, w’hen nitrogen with its high heat of adsorption 
is pre-adsorbed (11-5 X 10^® molecules per 100 mg.), only 73 10^® mole¬ 

cules of hydrogen per 100 mg. of tantalum are adsorbed with a much 
lower heat of adsorption than on clean tantalum. Slo%v a&sorption into 
the structure is absent in this case, the surface adsorption of nitrogen 
blocking completely the solid structure tor afisorption. Tungsten and 
iron, which also adsorb nitrogen, do not adsorb hydrogen on top of nitro¬ 
gen at room temperature unless the surface is not completely covered, in 
which case the rest of the surface can be covered with hydrogen. 

Shell Development Company, 

Emeryville, 

California. 


THE MEASUREMENT OF THE THERMAL 
PROPERTIES OF GASES AND VAPOURS 
ADSORBED ON SOLID SURFACES 

By J. a. Morrison and J. M. Los 
Received 16th Jaymary, 1950 

A description is given of a low-temperature adiabatic calorimeter suitable 
for the measurement of thermal properties ot gases and vapours adsorbed on 
solid surfaces. The calorimeter was designed particularly for the determination 
of the heat capacity and the heat of adsorption of adsorbed films with rather 
high precision. 


An interest in the measurement of the thermal properties of adsorbed 
films arises from a consideration of the utility of a knowledge of the thermo- 
d3mamic properties in evaluating theories of adsorption. In addition, 
direct information may be obtained concerning the state of the adsorbed 
film, and the magnitude of the interaction between the elementary 
particles of the adsorbate and the adsorbent may be construed. Recently, 
Hill ^ has given an extensive treatment of the thermodynamics of ad¬ 
sorption. While some of the quantities used in this treatment are not 
ordinarily measured calorimetrically, for example, one usually measures 
C, rather than C^, by appropriate rearrangement of the relationships one 
can arrive at other thermodynamic quantities from the experimentally 
determined values. Of some interest is the entropy, from a knowledge 
of which may come information concerning the distribution of energy 
of adsorption sites.® 

Foi the heat capacity measurements the assumption is made that 
the thermal properties of the adsorbent are unchanged by the adsorption 
process. While there is no experimental evidence concerning the point, 
it seems likely that the assumption is valid for physical adsorption pro¬ 
vided that the specific surface of the solid is not too large, but it may be 
seriously in error for chemisorption. 

To be used in testing theories of adsorption, the measurements should 
be performed with as high accuracy as is possible. In the heat capacity 
measurements, where the heat capacity of the film is obtained as a 
difference, the requisite precision is only obtained at quite low tem¬ 
peratures w'here the contribution of the heat capacity of the film to the 
total is a reasonable fraction. While this factor necessarily makes the 
experimentation somewhat more difi&cult, it leads to the use of simple 

1 Hill, J. Chem, Physics, 1949, 17, 520. * Hill, ibid., 1949. 17, 762. 

L 
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gases such as argon and nitrogen as adsorbates, which is desirable from 
the viewpoint of interpretation of results. It would be equally desirable 
to use a very elementary solid as adsorbent, but here one is limited by 
requiring a total surface such that the efects being measured are sufficiently 
large. So far it has not been possible to obtain simple solids with a 
sufficiently high specific surface and recourse is had to titanium dioxide 
(rutile) of reasonably high chemical purity. 

In what follows is described the calorimeter assembly which is being 
used to investigate the adsorption of argon on titanium dioxide. 

Experimental 

A number of adiabatic low-temperature calorimeters have been described 
in the literature. While in principle all are similar, in detail there are rather 
important differences which depend upon the specific purpose for which the 
calorimeter is to be used. The measurement of the heat capacity and the heat 
of adsorption of vapours adsorbed on solids places some special requirements 
upon the calorimetric apparatus, and in particular upon the calorimeter vessel 
itself. The adiabatic design is certainly the most suitable since the adsorption 
processes taking place in the calorimeter vessel may require a rather long time 
to reach equilibrium due to unfavourable heat conduction between ihe par¬ 
ticles of the solid or to slotv changes taking place on the surface of the solid. With 
the adiabatic type of lotv-temperature calorimeter, properlj' designed, it is 
possible to determine total heat capacities with a precision of o*i or better 
even if a half hour or longer is required for equilibrium to be reached. The 
requirement of outgassing the solid adsorbent in place in the calorimeter vessel 
at an ele\"ated temperature makes it necessary that the vessel be easily accessible 
and that surrounding components be detachable. This is not ordinarily neces¬ 
sary in calorimetry where condensable substances are studied. 

In a previous investigation Morrison and Szasz ® described a calorimeter 
which was used to measure the heat capacity of adsorbed nitrogen. Several 
features of that design have been incorporated in the present one particularly 
in the design of the calorimeter vessel. However, the present design embodies 
sufficient departures to warrant an adequate description. Since the amount 
of liquid hydrogen available for the w'ork was small, advantage was taken of a 
cr3mstat design used by Yost et al.^ 

Cryostat. —^The cryostat assembly and details of the calorimeter vessel 
and associated parts are illustrated in the sectional drawings in Fig, i. The 
main assembly is hung within the Dewar flask 2, in which liquid nitrogen is kept 
normally. The flask rests inside the outer case i, the lower part of which is 
detachable from a flanged joint. The upper part of the case is held in a frame 
a sufficient distance from the floor to enable removal of the lower section without 
disconnection of electrical leads and vacuum lines. Not showm in the drawing 
are tubes set into the brass top plate w’hich permit the introduction of the liquid 
nitrogen to the Dewar flask and the connection of the case to a high-capacity 
Kinney oil pump used for reducing the temperature below* 77® K by pumping 
on the liquid nitrogen. Liquid hydrogen is introduced through the s3y)hon 5 
into the container 4 which is supported inside a vacuum space enclosed by the 
can 3. Gaseous hydrogen which is evolved is led through tube 7 to a vent system. 
Connection is also possible betw^een this tube and the Kinney pump w*hen it is 
desired to reduce the temperature to that of solid hj^drogen. 'The heat leak into 
the hydrogen container is reduced by making all connections to it with thin- 
walled stainless steel tubing. 

Adiabatic Shield and Galorimeter Vessel. —^The adiabatic shield 15 
which is made of copper sufficiently thick to have a unifoim temperature, is of 
the form commonly used in low*-temperature calorimeters. The top and bottom 
axe detachable from the cylindrical side at flanged joints. The shield and the 
calorimeter vessel 17 are hung by Nylon cords within a vacuum space enclosed 
by the container 10, w'hich is fastened to the hydrogen container with low- 
melting solder. Evacuation of the space is accomplished with a high capacity 
vacuum line connected to tube 6. A similar vacuum line is connected to the 
space surrounding the hydrogen container through a tube not shown in the 

* ^^loxrison and Szasz, J. Chem. Physics, 1948, 16, 380. 

* Yost, Gamer, Osborne, Rubin and Russel, J. Amer. Chew, Soc., 1941, 63, 

34S8. 



Fig. I. —Low-temperature adiabatic calorimeter assembly. 

I. Mouel metal case. 2. Silvered Pyrex Dewar flask, 4^ in. int. diam. 
X 24 in. inside depth. 3. Brass container (3 64 in. wall thickness). 
4. Brass liquid hydrogen container, 6S0 cm.® volume. 5. Vacuum- 
jacketed metal sj’phon. o. Vacuum line connection. 7. Hydrogen 
vent line. 8. Vacuum seal for lead wires. 9. Brass anchoring ring at 
liquid nitrogen temperature. 10. Copper container (1/32 in. wall thick¬ 
ness). II. Brass clamps for lead wires. 12. Anchoring rings at tem¬ 
perature of hydrogen container—dinner ring J in. thick brass, outer ring 
1/32 in. thick copper. 13. Copper nickel fiUmg tube (2 mm. ext. diam, 
and I mm. int. diam.). 14. Brass tapered joint. 15. Adiabatic shield, 
1/16 in. thick coppCT. 16. Vapour pressure thermometer bulb, 7 cm.» 
volume. 17. Calorimeter vessel, 1/16 in. thick aluminum, 90 cm.® 
volume. 18. Platinum resistance thermometer. 
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drawing. Cooling of the assembly is accomplished by admitting a small pressure 
of helium, i or 2 mm. of mercur>% to these spaces. When liquid hydrogen is 
used the parts within the container 3 are first cooled to the temperature of solid 
nitrogen. The helium is then removed from the space between containers 3 
and 10 and the liquid hydrogen admitted to the container 4. \Mien the calori¬ 
meter reaches the desired temperature the helium is removed from the space 
inside container 10. With the vacuum lines used the pressures of helium can 
be reduced to less than i x lo-^ mm. of mercury within 3 min. 

The cylindrical calorimeter vessel is made of pure aluminum, and is sealed 
by electric welding of the rim of the dished lid. The powdered solid adsorbent 
is packed not too tightly between thin perforated aluminum discs which make 
a sliding fit with the cylindrical wall. The dished top construction permits 
changing of the solid adsorbent in that the vessel may be opened by cutting off 
the welded seam in a lathe and may be resealed subsequently by welding. The 
resistance thermometer 18 enclosed in a platinum thimble (5 mm. diam., 70 mm. 
long and 0-2 mm. wall thickness) is cast into a brass tube with Woods metal. 
The calorimeter heater of glass-covered manganin wure is vround on the outer 
surface of the platinum thimble near the upper end and is thus held in the 
Woods metal. The outer surface of the brass tube is accurately machined with 
a I ° taper which fits closely a similar taper on the inner surface of the re-entrant 
well of the calorimeter vessel. A threaded piece at the lower end of the ther¬ 
mometer assembly engages a ring on the brass tube in such a way that it will 
either tighten or loosen the tapered connection. This design has the distinct 
advantage of providing a metallic conducting path between the thermometer 
and heater and the calorimeter vessel. The leads from the thermometer and 
from the heater are -wrapped around a cylindrical aluminum shield surrounding 
the glass cap of the thermometer to ensure their departure at the temperature 
of the calorimeter. The calibration of the resistance thermometer may be 
checked periodically by direct comparison of the thermometer with a vapour 
pressure thermometer. The bulb of the vapour pressure thermometer 16 is 
attached to the adiabatic shield, and into it may be condensed pure oxygen or 
pure hydrogen. 

Electrical Wiring. —^The electrical leads enter the cryostat through a 
vacuum seal 8. Forty-two leads of 30 AWG silk-covered copper wires rest in 
shallow grooves cut longitudinally in a brass male plug which fits a female 
piece of similar taper, and the small space remaining around the wires is filled 
with Apiezon wax. Heavier leads from the measuring system which are soldered 
to the leads coming out of the cryostat are brought in through ten brass clamping 
pieces ii. The assembly was first used for the intercomparison of resistance 
thermometers -where twelve extra leads were required, so for calorimetry only 
thirty leads are used. The w’ires are wTapped twice around the brass ring 9 
and held in place with Glyptal lacquer, which step serves to bring the wires to 
the temperature of liquid nitrogen and hence to minimize the loss of liquid 
hydrogen due to heat leaking along the leads. The loss could be further re¬ 
duced by using finer wires but in the present instance where considerable manipu¬ 
lation of the lower part of the wire assembly w^as necessary" the use of sturdy leads 
seemed desirable. Contact of the wires with the hydrogen container is made 
by -wrapping the -wires individually on two rings 12 attached to the bottom of 
the hydrogen container. The assembly was first tried with just the inner ring 
but this did not provide a sufficient path to reduce the temperature of the wires 
and the second ring was added. From the rings I2» the wires are carried in a 
series of loops to the adiabatic shield. The thermocouple, thermometer and 
calorimeter heater leads going to the inside of the shield are wrapped in spiral 
grooves around the cylindrical side of the shield starting near the top and 
enter through hard rubber insulators near the bottom. The outer surface of 
the three componen-cs of the shield, the top, bottom and side, are covered with 
electrical heaters close wound and held in place with Glyptal lacquer. Elec¬ 
trical heaters are also wound on the two tubes leading to the calorimeter vessel 
and to the vapour pressure thermometer bulb, and on the bundle of lead wires 
just before it reaches the top part of the side of the shield. 

The positions of the difference thermocouple junctions are indicated by 
arrows on the dra-wing. Single junction difference thermocouples of Chromel P 
and constantan extend between the side of the adiabatic shield and five other 
parts, the t-wo capillary tubes, the bundle of leads, the top and the bottom of 
the shield. Between the side of the shield and the calorimeter vessel is placed 
a three junction Chromel P constantan couple. A similar three junction couple 
is placed between the junction of the tube with the shield 14, and the point where 
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the tube is attached to the calorimeter vessel. These latter two are the most 
important of the difierence thermocouples and hence are made of greater 
sensiti\nty. 

Filling Tube Assembly. —Gases or vapours are admitted to the calori¬ 
meter through the capillary' tube 13. Control of the temperature of the tube 
is attained by balancing the heater wound on the tube against a thermal shunt 
{5 cm. of 18 'A\VG copper wire) fastened between the tube and the inner of the 
two rings 12. Connection of the shunt to the tube is made above the upper 
loop shown in the drawing and in such a way as to avoid having a cold spot 
on the tube. The shunt is placed under the winding of the tube heater and 
insulated from the tube wdth paper for a distance of 2 cm. before being soldered 
to the tube. A similar shunt is attached to the tube leading to the vapour 
pressure thermometer bulb 16. However, for calorimetric measurements this 
latter tube is left disconnected. Thermal contact of the calorimeter tube with 
the adiabatic shield is made with a tapered connection 14, which is tightened 
with a screw de\’ice. This joint may be undone to permit raising of the top part 
of the shield when a furnace is placed around the calorimeter vessel for degassing 
the adsorbent. 

Since much better control of the temperature of the assembly may be exercised 
by heating rather than cooling it is desirable to measure heats of adsorption 
rather than heats of desorption. In the measurement of the heat of adsorption 
it is necessai:}’ that the gas be at the same temperature as the calorimeter vessel 
before adsorption. An estimation of the heat exchange between the gsis and 
the tube indicated that sufficient exchange was obtained in 15 cm. of the tube. 
Such a length is pro\’ided in a loop just above the adiabatic shield. 

Operadon.—Adiabatic conditions wdthin the assembly are maintained by- 
manual adjustment of the energy- admitted to the electrical heaters on the three 
components of the adiabatic shield, on the two tubes and on the bundle of leads. 
The control of the energy put through the various components is made in such 
a way that the indications of the array of difference thermocouples are kept at 
zero. The potentials of the thermocouples are read from two galvanometers of 
such sensitivity that for the triple junction couples temperature differences of 
0*002® at 15® K or 0*0005® at 90® K can be detected. With maintenance of the 
indications of the thermocouples as near to zero as possible, the temperature 
of the calorimeter vessel may be held constant wthin o*ooi® for lengthy periods 
at all temperatures 0*5® or more above the temperature of the hydrogen 
container. 

The resistance of the thermometer and the energ>- admitted to the calori¬ 
meter heater are determined with a White double potentiometer. Standard 
resistors used in the circuits are checked periodically against standards calibrated 
at the Xational Bureau of Standards. The establishment of a temperature 
scale for a series of resistance thermometers, one of w-hich is used for the calori- 
mem-, wiU be described elsewhere. The time of energy input to the calorimeter 
heater is determined with a synchronous clock run on a controlled frequency 
power supply and operated with a switch coupled directly to the heater switch. 
Calibration of the clock is made by direct comparison with time signals from the 
Dominion Obser\’atoiy-. 

Liquid hydrogen is made from compressed hydrogen in cylinders with a 
liquefier of the type used by Andrews * at a rate of about i 1 . hr. * A single filling 
of the liquid hydrogen container in the cry-ostat is sufficient for 5 hr. of experi¬ 
mentation. 

For most measurements two operators are required, one of whom adjusts 
the adiabatic controls continuously. WTien pressure measurements are also 
required, a third operator is necessary. 

The authors are indebted to >Ir. G. Clement of the Central Workshops 
who made most of the component parts of the assembly. Thanks are 
due to ^Ir. R. Reid and Mr. G. Ensell of the Laboratories for technical 
assistance. 

Division of Chemistry, 

National Research Laboratories, 

Ottawa, Canada. 


® DeSorbo, Milton and Andre%vs, Chem. Rev., 1946, 39, 403. 
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Addendum. —^The calorimeter has been designed for the purpose of 
examining s^’stems in\'olving physical adsorption only, but in its present 
form it could be used for some particular measurements of heats of chemi- 
sorption. The modification of the assembly for other experiments in- 
vohdng chemisorption would require, principally, alteration of the design 
of the calorimeter vessel. 

The operation of the calorimeter has been tested by a rather extended 
series of measurements of the heat capacity of the calorimeter vessel 
plus the solid adsorbent only, the heat capacity ranging from o*6 joules/deg. 
to 6o joules/deg. The average precision as determined by the deviation 
of some 40 experimental heat capacity values from a smoothed Cj, against 
T relationship for the temperature range 12° to 92° K was found to be 
0*04 ®o* Below 30° K the precision falls to about o-i % due to loAvered 
sensitivity of the resistance thermometer. It seems reasonable to 
expect that for a limited temperature range above 30° K a precision 
of 0*01 % could be achieved, which compares favourably ■svith any other 
form of precise calorimetr}’*. In most of the heat capacity measurements 
a small correction, 0*02 on the average, was made for heat exchange 
bet^veen the calorimeter vessel and the adiabatic shield. About 98 % 
of this heat exchange takes place across the section of the filling tube 
between the calorimeter vessel and the shield, and the correction is cal¬ 
culated from the indications of the sensitive difference thermocouple 
placed across this section. 

Some measurements have been made of the heat capacity of adsorbed 
a,rgon at a concentration corresponding to a coverage of the surface of 
about O'4. The absolute increment in the heat capacity due to the ad¬ 
sorbed argon varies from 0*25 joules/deg. at 14® to 0*7 joules/deg. at 
75® K, and the precision of the calorimeter is such as to permit the 
measurement of the increment to approximately i % of its value. Only 
a limited number of measurements of heats of adsorption have been made 
at low coverages of the surface but the values so far obtained appear to 
be internally consistent to better than 0-5 %. The results of these thermal 
measurements and their significance will be discussed elsewhere. 


STUDIES IN CONTACT POTENTIALS 

II. VIBRATING CELLS FOR THE VIBRATING 
CONDENSER METHOD 


By J. C. P. Mignolet 
Received 2nd February, 1950 

Cells are described for measuring surface potentials of films adsorbed on 
evaporated metal deposits using the vibrating condenser method of Zisman.^ 
Essentially they are electrically-driven, hollow tuning forks. Sources of error 
are point^ out and precautions to be taken, given. The accuracy is ± i or 
2 mV on individual contact potential measurements and ± 10 or 20 mV on 
surface potential determinations. 


A number of cells for the vibrating condenser method have been 
described.^* ® Two of them are suitable for work in vacuum, but 

1 Zisman, Rev, Sci, Instr,, 1932, 3, 367. 

* Potter, Physic, Rev., 1940, 58, 623. 

* Frost and Hurka, /. Amer, Chem. Soc., 1940, 62, 3335. Rosenfeld and 
Hoskins, Rev, Sci. Insfr,, 1945, 16, 343. 
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neither is adapted for work with metal deposits prepared in situ by thermal 
evaporation. The Zisman cell can certainl)^ be developed in that direc¬ 
tion. However, the writer had preferred to start from a new type of 
basic cell. 


Experimental 

The Hollow Vibrating Fork Cell.—^This cell is essentially a hollow 
tuning fork. One of the condenser plates is fixed to the inner wall of one limb 
and vibrates with it. The immobile plate is fixed to the top of the cell (Fig. i). 
The second limb, bearing a piece of iron sheet, serves for the electrical excitation 
of the \nbration. The fork is made asymmetrical to allow easy introduction 
and removal of the non-\’ibrating electrode. A T-shaped cell would do as well. 
A very rigid fixation of the fork tail is necessary". This is achieved by a senes 
of 5 side tubes sealed with Picein in an iron block of about 40 kg. 

Fcr a cell in Pyrex having the dimensions given in Fig. i, the fundamental 
frequency parallel to the plane of the h is about 450 c./sec. The length of the 
side limb is not critical for good resonance. Hence, the fundamental frequency 
can be slightly modified by altering the length of the side limb and leaving the 
condenser limb untouched. The glass cells stand an amplitude of 0*7 mm. or 
more. Since the condenser plates are o-i to 0*3 mm. apart there is no risk of 
the cell breaking in normal operating conditions. We have adapted the hollow 
fork cell for studying adsorption on metal deposits prepared by thermal evapor¬ 
ation. In this case, the metal must be deposited on one of the condenser plates 
and not on the other. Accordingly one of the plates has to be removed during 
deposition and brought back for measuring. Two types of cell have been used 
in which the non-vibrating plate is displaced magnetically. 

Type I Cell.—Here, the non-\"ibrating plate moves in its plane b}’' flexion 
of its support (Fig. 2). The plate bears a long iron rod fixed to the tungsten 
lead by a pair of parallel thin tungsten wires disposed in a plane perpendicular 
to that of the plate. The displacement is actuated by a magnet which attracts 






-- 

"Sp ^'' 

Q-tV-v'— 


Fig. 2.—Interior of type I cell 
(filament and filament leads not 
shown). 

W, tungsten lead 
WViV, pair of tungsten wires, 
diam. 0*3 mm. 

XL, excitation limb 
S, support of the stops 

Fe, iron rod; hi, magnet 

Sp, stops 

X—non-vibratingplate. 


the iron rod and thus bends the tw"o parallel tungsten wires. Two non-over¬ 
lapping positions are determined by two stops. Fig. 3 shows a cross-section 
of the condenser limb. The non-vibrating plate is a little less than half as wide 
as the vibrating plate and defines two distinct ** areas " on the latter. A metal 
film can be deposited on either area by passing a current through a hair-pin 
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filament, the leads of which (not shown) are sealed in the foot. The vibrating 
electrode consists of a nickel foil 0-3 mm. thick welded to two tungsten strips, 
the ends of which are sealed to the wall. The lead is a 0*3 mm. tungsten wire. 
It is welded on the upper strip. It crosses the wall a little higher and is stuck 
on to the external wil (through a glass sheath) on a length of about 10 cm. 

The condenser tube is covered from the junction with the side limb to the 
bottom with a metallic (nickel) deposit. This shield is prepared by thermal 
evaporation in a preliminary operation, the vibrating plate being protected by 
a screen. 



w 


Fig. 3. —Type I cell. Fig. 4. —T5rpe II cell. 

P, P^Tex tube, diam. 20 mm. ; W, tungsten strip ; F, filament; 

V, vibrating plate ; N— Y, non-vibrating plate. 

Broken line represents second position of N —Y (Fig. 4). 

Type II Cell.—In this, the metal is deposited on the glass wall (Fig. 4). 
The non-vibrating electrode is moved by rotation around the axis of the tube. 
The axle is a long, straight tungsten rod (diam. 1*5 mm.) sealed in the foot 
(Fig- 5 )- 



Fig. 5.—^Type II cell. 


Details of lower buckle and stop (crosses indicate welds). 
Cross-section of condenser tube at level of junction with excitation limb. 
Dotted lines are vertical projections of lines not in the plane. 

A, axle : R, rotating tungsten rod ; XJ—and L—B, upper and lower buckles ; 
Fe I and Fe 2, main and secondary iron rods; J, junction between Fe i, Fe 2 
and R ; Sp, stop; F, filament (second lead not shown) ; F—^L, filament lead; 
N—non-vibrating electrode; M, magnet; X—^L, excitation limb. 
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It also serves as a lead for the filament. The rotating system includes a 
tungsten rod (diam. 1*5 mm.) to which are spot-welded : 

(а) the non-vibrating electrode (through a nickel strip) ; 

(б) two molybdenum wire buckles fitting snugly around the axle for guiding 
the rotation. The lower buckle rests on a small horizontal piece of tungsten 
rod welded to the axle and serving a double purpose : (i) it prevents the rotating 
system from falling ; (ii) it acts as a stop, limiting the rotation of the tungsten 
rod to half a turn and thus defines two positions of the non-vibrating electrode; 

(c) two iron rods which, together with an external magnet, produce the 
rotation. The main iron rod is the one at 180° of the non-vibrating electrode. 
Since the axle is slightly flexible, pushing the magnet nearer to the main iron 
rod draw's the electrode away from the wall. This has two advantages : (i) it 
provides a means of adjusting the distance betw'een the electrodes ; (ii) during 
the rotation from one position to the other, the electrode is held apart from the 
metal deposit and does not scratch it. The second iron rod helps to reduce the 
condenser spacing in case of an inaccurate adjustment of the axle. 

In one of the two positions of the magnet, the excitation limb is in the way. 
This difficulty is obviated by choosing a magnet with a gap wide enough for 
the excitation limb to pass through. The condenser tube is covered internally 
wuth a nickel deposit (shield) from the junction with the excitation limb to about 
2*5 cm. of the bottom. The lower part is metallized during the experiment 
proper. Electrical contact with the vibrating electrode is effected through the 
shield and a small tungsten helix sealed about i cm. below' the junction. 


Sources of Error and Perturbating Effects 

Induction from the Electromagnet on the Cell and Amplifiers.— 
Shielding and grounding eliminates electrostatic but not magnetic induction 
Fortunately, there is a simple way of obviating this based on frequency doubling, 
i.e. the property of a non-polarized electromagnet to excite the vibration of a 
mechanical system at double the frequency of the current. Since the induction 
has the frequency of the excitation current, and the signal due to contact poten¬ 
tial has the frequency of the mechanical vibration, separation can be effected 
by sel^tive amplification. Actually, we use a band-pass filter which eliminates 
induction from the m a i ns as well. Of course, the second harmonic of the ex¬ 
citation current must be small. 

Triboelectricity.—Friction betw'een the leads and glass or rubber gives 
rise to iiregular, and sometimes enormous, effects. Since even apparently 
immobile parts of the cell may vibrate a little, it is advisable to avoid loose 
contact betwreen the leads and non-conductors. They must be sealed or kept 
apart. For instance, the leads in the foot tube cannot be isolated with either 
glass or rubber sheaths. They are kept at a distance from one another and 
from the glass w'all only by the seal and by a Pj^ex bead at the top. For the 
same reason, in type I cell the lead of the ^dbrating plate has to be stuck on to 
the glass w'all. 

Electrostatic Effects.—The inner wall of the condenser tube must be 
metahized, otherwise the measured contact potential varies with the hygro- 
metric or electric state of the outer w'all. As an extreme case, rubbing the tube 
with a cloth produces an effect equivalent to that of a contact p.d. of a few 
hundred volts. The shield also eliminates effects due to the inner glass wall 
which would not be detected so simply. So far, it has not been necessary to 
metallize the inner wall of the foot, but it would probably be a good precaution 
in very accurate work. 

Stray Vibrating Capacities.—Clearly, the capacity between the immobile 
electrode and the opposite area is only part of the capacity of the system con¬ 
nected to the grid of the amplifier. No error is caused provided that the sur¬ 
faces forming the stray capacities do not vibrate appreciably. The question 
is primarily one of crowding. From that point of view type II cell is better than 
type I cell. Edge effects are also present and as a test the distance between 
the electrodes can be changed when the measured contact potential should 
not vary. 

Miscellaneous Details.—The equipment used comprises the following 
items: (i) for exciting the vibration, an oscillator and a push-pull amplifier 
when 18 W secure ample reserve of energy; (ii) for amplifying the signal, a 
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pre-amplifier (one 4060 Philips triode, batter5’- operated), a three-stage amplifier 
(three 1T4 pentodes, battery operated), a band-pa^s filter for 450 c./sec. and 
finally an oscillograph. 

In good operating conditions, successive measurements agree to ± i or 
2 mV, but the sensitivity may fall to ± 10 mV or worse in some conditions 
(scaling-off the deposit, excessive frosting around the condenser tube in experi¬ 
ments at low temperatures, etc.). The accuracy obtained for surface potentials 
is ± 10 or 20 mV as judged from the results on H and Xe films (see Part I). 
The same cell can be used for several series of experiments. For cleaning and 
replacing of the filament, the cell is cut just under the Dewar seal. 

Discussion 

The problem of designing a cell for the Zisman method is firstly one 
of \ibration. Zisman makes a plate \’ibrate in an immobile tube. We 
prefer the reverse solution, i.e. make a tube vibrate with an immobile 
plate in it, because then there is no need to introduce the vibration into 
the cell. The hollow \dbrating cell is perhaps simpler as regards con¬ 
struction and production of the vibration. It seems more suitable for 
work in high vacuum since it contains no thin metallic diaphragm liable 
to cause trouble during the outgassings at 500® C. It has one weakness, 
it does not -work with the condenser tube immersed in a viscous bath. 
This drawback, though real, is not important for fluid baths, e.g. liquid- 
air at low temperature, vapour baths at high temperatures, are available. 
In adsorption studies it is normal to study the variation of single surfaces, 
but since contact potential techniques require two surfaces, an auxiliary 
surface * has to be introduced. Then it is essential that its work function 
be known and above all remain constant. This may be a problem in 
itself or indeed the major problem. The value of contact potential as a tool * 
in surface reactions on solids depends much on the practical possibilities 
of eliminating the auxiliary surface or of preventing it from changing. 
Perhaps a discussion of this question in relation with the cells described 
here is not superfluous. A surface undergoes a certain change and we 
propose to determine the difference in work function between the initial 
and final states. An interesting possibility’^ exists if tw’o surfaces, one in 
the initial and the other in the final state can be prepared and kept side 
by side in the same atmosphere (vacuum or gas). Then either they may 
be used directly as the condenser surfaces or two contact p.d. measure¬ 
ments may be made, using the same auxiliary surface. The stability of 
the latter can be controlled by measuring alternately with the two sur¬ 
faces. For instance, for non-volatile films, a metal layer may be deposited 
on one area of a cell of type I or II and covered with gas ; another metal 
layer deposited on the area and left bare. The difference between the 
two yields the surface potential of the film. 

"V^en the change in the state of a surface is to be observed directly, 
care must be taken to prevent a simultaneous variation of the auxiliary 
surface. Once again, the case of non-volatile films is fairly simple. 
Measurements can be made in a vacuum and a bare metal (mostly tungsten 
which can be cleaned at will) chosen for the auxiliary surface. This is 
the solution adopted in the two-filament methods of Langmuir and 
Kingdon,® Reiman • and Bosworth and Rideal.’ It would be worth while 
developing vibrating cells offering that possibility too.f 

* The non-vibrating electrode in cells of type I and II. 

* Bosworth: Froc. Roy. Soc. N. S. W., 1946, 79, 53. 

s Langmuir and Kingdon, Physic. Rev., 1929, 34, 129. 

® Reiman, Phil. Mag., 1935, ao, 594. 

’Bosworth and Rideal, Proc. Roy. Soc. A, 1937, 

t Incidentally, a hair-pin ribbon hanging near the wall could serve both as 
a source of metal and as an auxiliaxy surface. The ribbon could be drawn 
away from the wall for deposition and brought back for measuring. 
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The case where the surfaces have to be in a gas is more difficult, at 
least theoretically. In the author's opinion the situation is as follo^vs. 
There is no general, satisfactory way of preventing the auxiliary surface 
from changing when the temperature, pressure or composition varies. 
In actual practice, however, since inert, poisoned surfaces are more readily 
obtained than active surfaces, it will be frequently possible to find a 
surface that, in a limited range of conditions, varies much less than the 
surface under investigation, e.g. massive nickel outgassed at 500° C and 
a bare nickel deposit relative to additions of Ha, C2H4 or CaHa, etc. As a 
first approximation, the effects obser\*ed may be attributed to the bare 
surface. 

A limited control is possible with the t'wo-area cells, where one area 
is a\^ilable for it. The control area should be poisoned too but in a 
different so as to get a control measurement different from zero. 
Then good constancy of the control measurement during an experiment 
is strong evidence that the auxiliary surface has not changed appreciably. 
Eventually, the experiment vnll have to be repeated with a chemically 
different auxiliary surface. 

Sometimes, it will be possible to get a control at some stage by 
freezing the film and applying methods available for non-volatile films.* 

I wish to express my deep gratitude to Prof. L. D’Or for help, encour¬ 
agement and ad\ice ; and to Prof. M. Dubuisson for facilities in the early 
stage of this research. I also wish to thank Messrs A. Debot, J. Haesen, 
and J. Sarlet for skilful technical help. 

Laboratoire de CJiimie ginirale^ 

Universiti, 

Liige, 
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* This wrould be an additional reason for developing cells with a hair-pin 
ribbon (of tungsten) as the auxiliary surface. 
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The adsorption and interaction of gases on semi-conductors leads to a vari¬ 
ation in semi-conductivity wrliich can be successfully applied to the study of 
adsorption catalysis. Fundamental information is simultaneously furnished 
regarding the semi-conductivity process. An experimental technique is de¬ 
scribed for a study of the adsorption of gases by variation in semi-conductivity. 


Although von Auwers and Kerschbaum ^ observed the effect of oxygen 
adsorption on copper oxide s^-stems, the significant w’-ork on this system 
w’as due to Jus6 and Kurtschatow,* Wagner and co-workeis,®» ® and 
Dubar.* The work of Anderson’^ extended the observations of the 
effect of adsorbed gases to various other systems. 

^ von Auwers and Kerschbaum, Ann. Physik, 1930, 7, 129. 

* Jus6 and Kurtschatow-, Physik. Z, Sowj„ 1932, 2, 453. 

* Wagner, Z. physik. Chem., 1933, 22, 181. 

* Dunw’ald and Wagner, ibid., 1933, 22, 212. 

® Wagner and Hammen, ibid., 1938, 40, 197. 

® Dubar, Ann. Physique, 1938, 9, 5. 

’^Anderson, Proc. Roy. Soc. A, 1945, 184, 83. 
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The application of the eSect of adsorbed gases on semi-conductivity 
to a stud3" of catalysis has already been described.*' A technique 
has been developed whereby semi-conductors can be examined during the 
adsorption, desorption or interaction of gases under conditions for which 
a high degree of reproducibility is possible. 

The current theory^ of semi-conductivity relates the conductivity 
at any temperature to a function of the number of defects. The varia¬ 
tion of conductivity wdth temperature is related to the activation of elec¬ 
trons either into surface levels with the production of a positive hole 
carrier, or into the conduction band from impurity levels in the case of 
intrinsic semi-conductors. The variation of conductivity during the 
adsorption and desorption of gases can, therefore, be taken as directly 
related to the amount of gas present on specific sites on the surface con¬ 
tributing to the conduction process. 

A study of the adsorption of gases requires a consideration of the 
initial adsorption of gas molecules, dissociation, surface diffusion and final 
interaction with the surface. Some or all of these stages may be in¬ 
volved and the overall rate of adsorption may be dependent on one or 
several stages. Although measurements of semi-conductivity may be 
considered as related to the final stage, a study of the kinetics of adsorption 
of oxygen on the copper oxide system has demonstrated the suitability 
of the method in helping to elucidate the various steps in the adsorption 
mechanism. 

Simultaneously the temperature coefficients of conductivity of the 
systems under varying conditions of adsorbed gas yields inormation 
relating to the surface energy levels associated with the conduction pro¬ 
cess and any variation which may occur in these levels from interaction 
or other cause. This leads to general information relating to the surface 
which is of particular significance in the general problem of adsorption. 

Orthodox methods of investigation of adsorption processes have nor¬ 
mally introduced the measurement of the amount of gas adsorbed and fre¬ 
quently an estimate of the surface area by the B.E.T. or other method. 
The areas involved in semi-conductivity measurements on films are of 
the order 50 sq. cm. superficial area, so that special methods are essential 
for the measurement of amounts of gas adsorbed. Expansion from 
calibrated bulbs at low pressure into accurately calibrated apparatus 
has been unsuccessful. It may be possible to measure the amount of 
adsorption by controlled diffusion of hydrogen or oxygen into the system 
through palladium or silver thimbles respectively. This particular 
method is applicable to those systems where the incremental change of 
semi-conductivity on the adsorption of a gas is independent of pressure 
within certain limits for any particular temperature. 

The technique to be described covers the development of a greaseless 
reaction system containing the catalyst in the form of a glass-supported 
oxide film between conduction electrodes formed from an evaporated 
film of metal. The gas handling system has been developed with special 
attention to the measurement of very small quantities of gas adsorbed 
and desorbed. Resistance measurements are described for d.c. and 
A.c. by equipment capable of high accuracy with maximum speed of 
operation. 

Experimental 

Several forms of reaction tube have been designed and described. The general 
form comprises a glass cylinder on to which a uniform metal film can be evapor¬ 
ated from a met^ plat^ tungsten filament at the axis of the cylinder. The 

* Gamer, Gray and Stone, Proc. Roy, Soc, A, 1949, 197, 294. 

•Gray, ibid., 1939, 197, 314. 

Gamer, Gray and Stone, Trans. Faraday Soc., 1949, 00, 000. 

Mott and Gurney, Electronic Processes in Ionic Crystals (Oxford, 1948). 

Seitz, Modem Theory oj Solids (McGraw-Hill, New York, 1940). 
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inner surface of the hard glass cylinder carries a series of conduction electrodes 
in the form of rings of thermal pure platinum foil fused into the surface at suit¬ 
able mtervals. The leads for the conduction electrodes are of 26 s.w.g. platinum 



and lead out through intermediate seals (C 9 to C 19) to the resistance measuring 
apparatus. Thermocouples are connected to several of the conduction electrodes. 

The pumping system for this investigation requires special attention since 
ver^* high pumping speeds are required to enable the pressure m the reaction 



Fig. 2. 
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system to be reduced from 0*5 mm. to io“’ mm. in 10-15 sec, A two-stage 
mercur>" vapour pump, Fig. i, has been developed -with separate boilers for the 
primary umbrella jet and the secondary high pressure annular ring jet. The 
use of inner and outer cooling surfaces for the annular ring jet materially im¬ 
proves the pumping speed. T^vin liquid oxygen traps are employed as protec¬ 
tion for the reaction system. The unit is backed by a two-stage rotarj^ oil pump. 




Gas hant^lfng unit 


'w 


I!|i| 


liKu 


The mam reaction system is illustrated in Fig. 2. The reaction tube a is 
protected from mercury vapour by dual liquid oxygen traps b. Large bore 
mercury cut-offs connect the tube with the main pumping lead or with the 
measuring and gas handling sections. A Pirani gauge c is included in the reaction 
tube unit. The measuring unit includes two McLeod gauges d, e, covering the 


o 

Furnace / 


Ver/fcafmyiment 
Oftsiee/pit/ars 
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Fig. 4. 

range io-« mm. to 15 mm., and two expansion bulbs of calibrated volume /, g. 
This unit, together with the associated mercury cut-offs, is housed in an air 
therxnostat and can be operated externally. At one end it connects with the 
reaction tube system and at the other with the gas handling and desorption unit 
which is externally mounted {Fig. 3). This unit provides facilities for admitting 
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hvJrogen or oxygen through the heated palladium or silver thimbles respec- 
tivelv h, i, these gases being stored in the reservoirs j, k. A gas inlet system I 
is provided and a calibrated gas burette m. The desorption mercury vapour 
diJffusion pump n is of the triple jet variety’ and returns the desorbed gas to the 
measuring system inside the air thermostat. 

The furnace unit (Fig. 4) incorporates two separate temperature regulated 
furnaces arranged to permit horizontal and vertical motion. Each furnace is 
constructed of two heav)’’ walled stainless steel tubes "with an exponentially 
wound nickel-chrome heater between the tubes insulated by asbestos and 
alundum. These are heavily lagged with asbestos and mounted in angle mon 
frames. Horizontal movement is facilitated by the use of large ball-bearings 
in V tracks with precision location of the furnace bores. \ erlical movement 
is taken on four steel columns with a counterweight system. The furnace 
temperature is controlled by a.c. resistance thermometer controller operating 
from a nickel resistance thermometer adjacent to the reaction tube. The control 
is better than 0-05° C at all operating temperatures, although the control unit 
operation limit is better than o*ooi* C and maintains heavier furnace units 
to =: o-oi' C cycle as measured by a Smith's Difference Bridge. 

Measurem^ts of Resistance.—A review of the methods previously em- 
ploved in the measurement of the resistance of semi-conductors revealed no one 
method completely satisfactory for the projected measurements. The range of 
resistance to be covered is io“--io^® ohms, with an accuracy of o*i % to 10^ 
ohms and i "to lo’’" ohms. In addition, the readings m.ust be extremely rapid, 
variations of 5 X 10® to 5 X 10® ohms in less than one minute being encountered 
■with active films. It is also desirable to have a.c. and d.c. measurements avail¬ 
able to ensure the absence of any rectifying action. Two units have been de¬ 
veloped, the first an a.c. WTieatstone bridge and the second an electronic potentio¬ 
meter for D.c. measurements. 

A.C. Resistance Bridge.—Many a.c. WTieatstone bridges have been de¬ 
scribed, mainly in relation to conductance measurements, important contribu¬ 
tions being due to Jones and Joseph,^® Shedlovsky and Luder.^® In general, 
satisfactory" precision was obtained by controlling phase relationships, electro¬ 
static and electromagnetic coupling by suitable screening circuits and the use of 
the Wagner earth. However, the bridges so far described are relatively slow 
in operation and ha^-'e not the range coverage for the study of semi-conductors. 
The bridge which has been developed employs normal ratio arms but the standard 
arm is replaced by two precision helical potentiometers (0-05 % accuracy), 
each having 15 revolutions rotation covering 5400®. The value of these is 1000 
ohms and 100,000 ohms. The bridge is fed at mains frequency with an adjust¬ 
able metered voltage up to 10 V. The output from the bridge is taken by cathode 
follower, a high-gain amplifier and phase splitter, to the Y plates of a cathode 
ray tube with the X sweep operated at mains frequency. After adjustment 
of the amplifier, a horizontal line is obtained for zero signal input, signal input 
being visible as inclination of the trace. The system has the additional advantage 
that phase shift in the bridge circuit immediately appears as an elliptical trace 
instead of a line and immediate correction may be made. Very satisfactory 
bridge balancing is obtained up to 10® ohms. Although a higher frequency of 
operation for the bridge would have been preferred, the relatively high and 
vaiy'ing inductance of the 100,000 ohm helical potentiometer prevents its use 
above about 200 c. sec. In practice the bridge gives an accuracy of o-i % up 
to 10’ ohms wdth a deterioration to 0-5 % between 10’ and 10® ohms ; this is 
combined with extreme rapidity of measurement. 

D.C. Resistance Measurements.—^Although for preliminary -work a pre¬ 
cision Kbhler potentiometer was used with standard resistances for d.c. resist¬ 
ance measurements, it was found that the time required for measurements was 
prohibitive. An electronic potentiometer has been developed with direct in¬ 
dication of I to 10 mV full scale deflection. This, in conjunction with a potential 
source and standard resistors, gives direct readings of resistance from o-oi ohm 
to 10^® ohms. The instrument is illustrated in Fig. 5. It consists of two bridge 
circuits, the first being tubes and Vj and the resistor train R, while the second 
bridge is the current amplifying bridge V^a, b and V4A, b connected across the 
output of the first. The first bridge acts as a Schmitt voltage amplifier, while 
the second bridge acts as a current amplifier to permit connection to a current 

“ Jones and Joseph, J. Amer. Chtm. Soc.^ 1928, 50, 1049, 

Shedlovslty, ibid,, 1930, 52, 1793. 

*®Luder, ibid., 1940, 62, 89 ; Rtv. Sci. Jnstr., 1943, 14, i. 
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measuring instrument. Output is either by a pointer instrument or by galvano¬ 
meter and scale, the accuracy of the final resistance measurement being limited 
by the method of display. By suitable design the input tube is operated at a 
grid current of less than io“^® A and normal operation gives an output of loo jjA 
for lo mV input, although this can be increased lo-fold when required, with 
some sacrifice of stability. The potential drop across standard resistors is meas¬ 
ured using the standard as a grid resistor with the unknown in series and with 
a suitable applied potential, ^\'ith the maximum standard grid resistor normally 


6S/^7 63NT 



Fig. 5.—Electronic Millivoltmeter. 

employed, 5 x lo* ohms, the current in the resistor is greater than 100 times the 
grid current for a resistance of lo^* ohms, which can thus be measured to i %. 

The unit is spring mounted and supplied from a two-stage degenerative 
power supply with a stability of i in 25,000 ; all heaters are supplied by ac¬ 
cumulator. After the initial warm-up period of one hour an accuracy of better 
than I % can be indefinitely maintained in the higher resistance region with 
considerably improved accuracy up to 10® ohms. 

General Me^od of Study. —The initial requirement in the present method 
of inv^tigation is the successful plating of the parent metal of the oxide under 
investigation on to the 0-25 mm. tungsten evaporation filament. It is found that 
no difficulties are encountered in plating tungsten providing the wire is cleaned 
by A.c. electrolysis in 10 % caustic soda, washed carefully and immediately 
plated. A wide variety of cells have been used with the tungsten wire at ihe 
axis and the anode in the form of a cylinder or several rods distributed on the 
circumference of a circle with the tungsten wire at the centre ; diaphragm cells 
have been used where applicable. Normal plating technique is employed 
except that the current density is increased from 2-5 times and agitation is ob¬ 
tain^ by nitrogen fed through the glass tube supporting the filament. 

The plated wire is carefully washed and spot welded into the reaction tube 
with the minimum delay. The reaction tube is thereafter rapidly reconnected 
to the reaction system and evacuated. After thorough degassing, the filament 
is raised to just belov: evaporation temperature in the presence of atomic hydrogen 
obtained by high frequency discharge. This treatment cannot be unduly pro¬ 
longed as the atomic hydrogen rapidly penetrates the glass. 

Evaporation is then performed in hard vacuum by controlled heating at 
very slow evaporation rates. Uniformity is judged by the simultaneous appear¬ 
ance of the fimt transmission colour over the entire surface and by comparison 
of resistances between electrodes immediately measurement becomes possible. 
Thickness control is by resistance although actual thickness estimates are ob¬ 
tained subsequently by chemical analysis of the film after removal from the 
reaction sj-stem. 

The evaporated metal film is next oxidized to the appropriate condition and 
^e oxidation process followed by resistance measurements and pressure change. 
Fr equently atomic oxygen obtained by high-frequency discharge is employed. 
The oxide film is processed to a semi-conducting condition and is then subjected 
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to prolonged evacuation at lO”’ mm. at a suitably selected temperature until 
a stationary value of resistance has been established. This stationary value 
is afterwards used as a reference value and the film is normally returned to this 
reference condition between successive adsorptions. 

The general procedure is to determine the temperature coefficient of the 
evacuated film and investigate any variation with oxidation state. Thereafter 
the characteristics of the adsorption of oxygen are determined over a range of 
temperatures and pressures, with particular attention to any modification of 
the surface resulting in non-reproducible results. During this investigation a 
maximum temperature is normally established, above which the state of the 
surface is liable to change. A suitable temperature can then be selected to 
obtain the greatest range of inve.stigation. Temperature coefficients of the 
conductivity for var^dng states of adsorbed gases are determined, together 
with the kinetics of the processes concerned. Although desorption is studied 
at various temperatures, the final desorption of the film is always carried out at 
the reference temperature. A detailed account of the results obtained for the 
adsorption of oxygen on the copper oxide system has already been given. The 
effect of variations of pressure is studied in detail and measurements of the 
amounts of gas adsorbed and desorbed made where possible. 

When the characteristics of the adsorption and desorption are determined, 
interaction of gases can be followed as described for carbon monoxide on copper 
oxide and the reaction between carbon monoxide and oxygen. Difficult^’ is, 
however, experienced in that the effect of such interaction may affect the surface, 
as does, in fact, occur in the above case at 200® C. 

The author wishes to express his thanks for grants from Imperial 
Chemical Industries Ltd. and from Distillers' Company Limited. 

Dept, of Inorganic and Physical Chemistry, 
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PROTON RELAXATION AND CATALYST 
ACCESSIBILITY 


By P. W. Selwood and F. K. Schroyer 
Received 24//! January, 1950 

The accessibility of a solid catalyst may be defined as the ratio of activity 
showTi by a fixed w’eight of solid catatyst to that of the same weight of catalyst 
in true solution in the reacting medium. This quantity may readily be evalu¬ 
ated by the nuclear induction experiment. The proton relaxation time in 
water is determined, for example, for supported iron oxide on alumina. Cata¬ 
lyst accessibility is then found bj' relating the measured relaxation time to that 
observed in solutions of ferric sulphate in water. The accessibility is further 
corrected for 180® shielding on the under side of the surface. The accessibility 
then becomes a = where Jl/ and are the apparent molar concen¬ 

trations of promoter in supported form and in true solution respectively. 


This paper is a further progress report on application of the nuclear 
induction experiment to problems in heterogeneous catalysis.^ The 
results given below supplement to some degree the information from mag¬ 
netic susceptibility measurements on similar systems. In particular, 
the nuclear induction experiment may be used to compare the extent to 
which, in different catalj'^t samples, supported transition group oxides 
are accessible to the molecules of a reactant. The supported systems 

^ Spooner and Selwood, /. Amer. Chem, Soc., 1949, 71, 2184. 

•35836 
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studied were ferric oxide, chromic oxide, and cupric oxide, all on high- 
area y-alumina. Susceptibility data and some catal^’tic activity data 
have already been reported for these systems.®"^ 

Experimental 

The nuclear induction experiment is that of Bloch, Hansen, and Packard,® 
Their procedure was modified as follows. A raised rim was added to the flat 
pole pieces of the magnet. This compensates for the radial inhomogeneity of 
the simple gap.® In place of the paddle used by Bloch to regulate the flux 
linkage between the primary" and secondary coils this experiment employs 
an auxiliary coil, wound coaxially both with the primary and secondary coils 
which is in parallel with a variable resistance and a variable capacitance. A 
simple phase shifting network has been added to the external synchronizing 
signal circuit, and a square-wave generator and an audio oscillator are used 
to calibrate the oscilloscope sweep. The modulation of the direct current field 
is accomplished by either a 6o-cycle signal from the mains or by an audio 
oscillator and power amplifier, if other frequencies of modulation are desired. 
There is no radio frequency amplification in the part of the circuit containing 
the secondary coil. 

Preparation and analysis of samples have been described.®-® Preparation 
consists, in brief, of impregnation of the support by a nitrate solution, followed 
by ignition. Catalyst samples of difierent active oxide concentrations were 
obtained by varying the concentration of the impregnation solution. 

For reasons described elsewhere,’ the catal^'tic activities of supported oxides 
are most easily compared at constant space velocity. This is achieved by using 
the technique of mechanical dilution. To compare the activities of a series of 
chromia-aluminas of varjdng chromia content, each sample except the most 
dilute is mixed mechanically with pure support until all samples contain the 
same percentage of chromia. A series of samples ranging from 2 to 30 % chromium 
content would thus all be reduced to 2 %, but they would differ in the proportion 
of alumina used as a support to that used merely as a mechanical diluent. 

For the first results to be ^ven below a sample containing 17*1 % iron as 
iron oxide supported on alumina was progressivdly diluted mechanicily with 
alumina. The proton relaxation times were determined as a function of weight 
of iron in the several samples. The remaining results on supported oxides of 
iron, chromium, and copper were obtained on samples all diluted to a fixed 
percentage of active oxide. The actual percentage of supported element in 
each case is indicated in the Tables. Proton relaxation times are reported as 
a function of original concentration before mechanical dilution. 

In all relaxation studies, i g. of catalyst sample was moistened with i cm.® 
of water. Water was chosen as the proton source in all these experiments, 
which must be regarded as preliminary to studies involving the use of gaseous 
proton sources. 

Results 

In Table I there are given relaxation times as a function of iron concentration 
for a series of iron oxides supported on alumina, and prepared by progressive 

TABLE I 

Proton Relaxation Times on Iron Oxide- 
Alumina DILUTED FROM 17*1 % IRON 

Actual % Fe 1 T (sec. x lo?) 


17*1 

3*90 

12-8 

5*00 

8-55 

7*00 

4*27 

10*8 

2-14 

15-5 


® S^wood, Ellis and Wethington, J. Amer, Chem. Soc., 1949, 71, 21 Si. 
® Eischens and Selwood, ibid,^ 1947, 1590- 

* Selwood and Dallas, ibid., 1948, 70, 2145. 

* Bloch, Hansen and Packard, Physic. Rev,, 1946, 70, 474. 

® Rose, ibid., 1938. 53 . 715. 

’ Eischens and Selwocxi, J. Amer. Chem. Soc., 1948, 70, 2271. 
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mechanical dilution of a sample containing 17. i % iron. The members of 
this series differ only in percentage of iron actually present during the measure¬ 
ments. 

In Tables II, III, and IV there are given relaxation times for supported oxides 
of iron, chromium and copper, respectively. These results were obtained by 
the method described above of diluting the various members of a series down 
to a fixed concentration. The members of all these series differ in the ratio 
of alumina used as support to that used as a mechanical diluent. 

For reasons to be indicated below it was necessary to remeasure proton 
relaxation times as a function of concentration for aqueous solutions contain¬ 
ing the 10ns Fe—Cr*-^-, and Cu^"^. These data are all given in Fig. i. 

Discussion 

We shall first compare the relaxation times found over the hetero¬ 
geneous catalysts with those found for solutions. A convenient method 
for doing this is to compare molar concentrations of paramagnetic ions 
necessary to give equal relaxation times for the two cases of heterogeneous 
and homogeneous catalj’sis. Thus, we shall say that M is the concentra¬ 
tion of supported paramagnetic ions in moles of ions per litre of the water 
used as a proton source. The concentration is found to give a relaxation 
time of T, Then JI/q is the molar concentration of an aqueous solution 
which will also give a relaxation time T. It is assumed that the para¬ 
magnetic species is the same in each case ; but if the moment of a sup¬ 
ported ion is different from that of the same ion in true solution,® then a 
correction which may be made is 

Tcorrected = Tmeasured (/i-sxipported)®/(Mo la solution)^* 

It will be noted that the relaxation time varies inversely as the square 
of the moment. The only important case in which smd are notably 
different is for iron oxide where y. is about 70 % of 

A final term wdll correct for the fact that a dissolved ion is accessible 
to protons from all sides, but a supported ion may be reached from one 
side only. We have then a = where a may provisionally be 

referred to as the catalyst accessibility. 

In Fig. 2 there are given accessibilities for supported iron oxide on 



Fig. 2.—Accessibility of iron oxide supported on alumina. 

alumina, calculated from the data of Table II, It will be noted that the 
accessibility show’s an expected increase as the original iron concentration 
is diminished. Fig. 2 bears a superficial resemblance to a plot of sus¬ 
ceptibility against original iron concentration, but it must be remembered 
that the measured susceptibility is the average susceptibility of all iron 
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ions in the system, while the relaxation time depends on the moment of 
those iron ions exposed on the surface, and thus accessible to incoming 
molecules of reactant. 

For supported chromia there are already available catalytic studies 
on the dehydrocyclization of w-heptane."^ In Fig. 3 there is plotted 



Fig. 3.—Catalytic activity as a function of accessibility for chromia-alumina. 

catalyst activity against catalyst accessibility. It is clear from the 
linear relation observed that for this system and reaction it is possible 
to predict activity from a measurement of nuclear relaxation. 

In Fig. 4 there is plotted the accessibility of supported copper oxide 



as a function of original concentration. Here we have the anomaly of 
accessibilities considerably greater than 100 This at once illustrates 
the crudeness of our approach to catah'st accessibility, and suggests how 
the approach may be refined. Turning to the paper of Bloembergen, 
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Purcell, and Pound,® we have reference to their eqn. (54), which is as 
follows : 

5 kt ^ • • • • ID 

where y is the gyromagnetic ratio, tj the viscosity, N the number of para¬ 
magnetic ions per cm.®, the effective moment, k the Boltzmann constant, 
and t the absolute temperature. It is clear from this equation and from 
the results reported here that the \uscosity environment of a water mole¬ 
cule near the surface of a catalyst must be considerably larger than that 
in normal water. This conclusion is, of course, entirely consistent with 
current speculations concerning the nature of adsorbed fQms of water on 
the active surface. A preliminary measurement of ij/tjo gives the value 
of 3, (where 7} is the viscosit3’’ factor for the supported ions, and 17 © for the 
true solution). 



Fig. 5. —^Relaxation time as a function of (% Fe)Vi and of (% Fe)^/* for iron 

oxide-alumina. 

There will now be presented a provisional theory by which the relaxa¬ 
tion times may be predicted for different members of a catalyst series. 
It will be noted from eqn. (i) above that i/T The experimental 

results of Bloembergen, Purcell, and Pound as well as those reported 
here show that this relation is obeyed over a wide concentration range 
for iron, chromium, and copper salts in solution. But it is also to be noted 
that at very low concentrations there is a deviation which is better repre¬ 
sented by i/T ^ The reason for this deviation is not known, but 

® Bloembergen, Purcell and Pound, Physic, Eev,, I948» 73, 679. 
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it is believed to be significant in the interpretation of the results on sup¬ 
ported oxides given below. 

Examination of the data of Table I where any interaction between 
adjacent iron ions is constant, shows that i/T ^ {% Fe)®/8 over a wide 
concentration range, but that i/T ^(%'FeYli is obeyed over a wider 
concentration range. These obseiv^ations are shown in Fig. 5. It will 
be noted that [(°o Fe)Va]*/4 = (% Feflt, and also that the total surface of 
iron ions exposed must be proportional to (% Fe)®/s. Hence it may be 
said that the exposed surface of the iron particles behaves in the hetero¬ 
geneous nuclear relaxation experiment in exactly the same way that 
ionic concentration behaves in the homogeneous experiment. 

Let it be assumed then that the function of paramagnetic ions per 
cm,® in solution is taken by ions per cm.® in the surface of the solid 
catalyst. We shall further assume that the concentration of such ions 
in the surface is proportional to the total surface. Take two samples 
of dihermg paramagnetic ion content and dilute them mechanically to 
the same concentration bj" the addition of pure support. Susceptibility 
measurements have showm that such supported oxides are aggregated 
into particles, even though the concentration of active oxide be very small. 
Let and «2 the number of such particles of radius and respec¬ 
tively, and of density" p in the two samples. Then 

= p«p|w^« or Ui y|. 

The surfaces of supported oxide Si, and S^ will be related by 

Sj 5, = (4r»2j»®) 

then, substituting for Ui, w’e have 

Sg Si = (;®r|) = Vi r^. 

Going back to our original assumption that Tg = Sa/Sj, we have 

Ti Ta = rj = Ci^/« Cg^/*, 

where Ci and Cj are the original percentages of paramagnetic ion present 
in the undiluted samples. The conclusion is, therefore, that the re¬ 
laxation time should be proportional to the cube root of the original 
concentration in a series of catah^ts all* members of which are diluted 
mechanically to a fixed concentration. 

Fig. 6 shows relaxation time plotted as a function of the cube root 



Fig. 6 .—^Relaxation time as a ftmction of the cube root of original concentration 
for supported oxides of iron, chromium and copper on alumina. 

of the original concentration for supported oxides of iron, chromium 
and copper. The data are deri\’ed from Tables II, III and IV. In general 
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it is confirmed that relaxation time in these systems is roughly linear with 
the cube root of original concentration. At extremes of concentration 
some deviations may be expected parallel to the deviations from i/T N 
noted above. At high concentration deviations may be noted owing to 
increasing exchange interaction between adjacent ions. The agreement 
is best for supported copper oxide which, according to susceptibility 
measurements, is the most magnetically dilute. 

In conclusion it may be observed that the nuclear induction experi¬ 
ment gives the same kind of information as may be obtained from sus¬ 
ceptibility measurements on the same systems, but that the nuclear in¬ 
duction effects are related to the surface ions rather than to the whole 
mass of paramagnetic ions. The information obtainable by nuclear 
induction is similar to that from ortho-para hydrogen conversion studies. 
But the nuclear experiment has a much wider range of applicability. 

This work was done under contract with the Office of Naval Research. 
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STUDY OF CATALYSTS BY SCATTERING OF 
X-RAYS AT SMALL ANGLES 

By A. Guinier 
Received ^oth January, 1950 

The possibilities of using small-angle scattering of X-ra3rs for the determin¬ 
ation of the degree of dispersion of catalysts are discussed. It is concluded that 
these measurements cannot alone provide precise information about the different 
size and shape of an irregular array of particles of a powder catalyst, but in 
simple cases or when they are supplemented by information obtained by other 
methods, such as by electron microscopy, the quantitative use of X-ray data 
is possible. 


One of the essential factors which determine the properties of a catalyst 
is its mean grain-size, or the total area of the grains. The object of this 
paper is to show the possibilities of using small-angle scattering of X-rays 
for the experimental determination of the degree of dispersion of matter 
in catalysts. 


Experimental 

It may briefly be recalled that the occurrence of scattering of X-rays at 
small angles (Fig. i) is characteristic of the heterogeneous state of the specimen ; it 
does not occur unless the specimen shows local variations of electron density. 
The scattering is limited to an angle of approximately \^d, A being the wave¬ 
length of the primary beam and d the mean diameter of the grains. 

"NAlth current experimental techniques it is difficult to study scattering at 
angles less than 10' from the primary beam; consequently, with readily 
accessible wavelengths, particles of diameter greater than 600 A cannot be 
studied. If, on the other hand, the particles are too small, scattering occurs 
over a larger angle, but becomes too w’-eak to be detected. 

The conditions for convenient study of a specimen of a fine powder by the 
low-angle scattering method are as follmvs : 

(a) the particles should be immersed in a medium of considerably different 
electron density; 
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(b\ the dimensions of the particles should be of the order 20 to 500 A. 

The first condition is usually realized in powder catalysts ; the second limits 
the use of the method to the most finely divided materials. 



^ ^ i| 

c 


Fig. I. 

Results and Discussion 

The results of the experimental work is a curve relating the intensity 
I of scattered X-ra^’s to the angle of scattering Consideration must 
now be given to the deduction from this curv’-e of the size of the particles. 
It is known ^ that when the particles are identical and sufficiently far 
removed from each other for interparticular interferences to be neglected, 
the radius of gyration ", a quantity representing the size of the particles, 
can be determined from the experimental data. (The radius of gyration 
is the root-mean squzire ofthe distances from all the electrons in the 
particle to its centre of gra\’it3’’.) radius of gyration is deduced by 

plotting log I against ; the plot tends towards a straight line as € tends 
to zero, and the limiting gradient of the curve gives the radius of gyration. 

This result has been satisfactorily verified * by comparison of an electron- 
microscope photograph and an X-ray scattering photograph for a colloidal 
gold preparation containing very uniform grains. \\"hen the preparation 
is somewhat less homogeneous, calculation of radius of g^Tation from 
the scattering curve still gives a good approximation to the mean -v^alue 
for the particles. 

It should be noted that a knowledge of the radius of gjTation is not 
sufficient for determination of the dimensions of a particle, which requires 
some assumption as to its shape. For example, a sphere and a series of 
elongated eUipsoids, which may have the same radius of gjTation, cannot 
be distinguished by the scattering method. 

The case of a specimen with identical and widely dispersed particles, 
allowing accurate application of the low-angle scattering technique, is 
unfortunately rare in the study of catalysts. Often there is reason to 
believe that the grains are of widely vaiyfing size and shape; moreover, 
in powder catalysts the grams are in contact, and distortion of the scatter¬ 
ing cur\^e by interparticular interferences may be expected. 

Heterodisperse Specimens.—Consideration may first be given to the 
case in which the grains are dispersed but of varying size. E\ddently the 
ob 3 er\ ed intensity of scattering will be the sum of the scattering intensities 
from different groups of particles of given size. For each of these groups 
the plot of log I against will tend to become linear at small angles, but 
the log J — e* plot will show greater cur\’ature and be concave upwards. 

Several authors ** ® have attempted to analyze these complex 
curves in order to determine the distribution of particle sizes from low- 
angle scattering data. The most correct method is that of Shull and 

1 Guinier, /. Chim, physique, 1943, 40, 133. 

* Turkevich and Hubbell, Physic. Rev. A, 1948, 73 (ii), 1250. 

* Hosemann, Z. EJekirochem., 1940, 49, 535. 

* Jellinek and Fankuchen, Ind. Eng. Chem., 1945, 37, 158. 

® Shull and Roess, J. Appl. Physics, 1947, 295, 308. 
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Roess ®; a particular particle shape is assumed, all particles in the 
specimen being similar in this respect, and a distribution law (e.g. a 
Maxwellian distribution) of sizes about a specified mean value is intro¬ 
duced, this mean value being an arbitrary parameter. An a priori 
calculation of the diffusion curves as a function of the parameter is then 
possible, and the parameter is determined by selecting the curves cor- 
respondmg most closely with the expenmental data. This procedure 
certainly pro\ides a solution to the problem but it depends on two 
assumptions—^the shape of the particles, and the size-distribution law. 
If it is desired to determine a mean or integral value (giving, for example, 
the total surface area), these assumptions may affect the result, and the 
scattering technique alone does not give a unique solution. It may be 
used if the assumptions made are justified by other available mformation 
about the catalyst, in such a way that the possible results lie in a rather 
narrow range. Thus Fankuchen et al.*^ and Shull and Roess ® have obtained 
results for total surface areas of alumina catalysts which agree with values 
determined by other methods. 

Compacted Powders.—^The influence of interparticular interferences 
is particularly important with particles of very uniform shape and size, 
the significant factor being the regularity of disposition of the particles. 
We have verified that solutions of macromolecules of known identity 
give scattering curves which change considerably with concentration.® 



Fig. 2.a. —Cur\’‘es of scattering intensity; log 1 plotted against Con¬ 
tinuous cuT^-e : colloidal solution of silver. Dotted curv^e : flocculated colloidal 
silver. (The radii of gyration deduced from the linear portions of these cur\'es 
are, respectively, 48 and 50 A. The mean grain diameter measured on the 
electron micro^aph is 120 A, which, in the case of a sphere, corresponds to a 
radius of gyration of 47 A. 

A ring appears, instead of a central maximum, in diagrams for con¬ 
centrated solutions. Hovrever, if the particles are of different sizes, 
even if they come into contact, there is no frequently repeated value 
of the distance between neighbouring particles ,* under these conditions 
a ling should no longer occur in the diagram. We have found, in fact, 
that the same scattering curve is obtained from a dilute cclloidal solution 
of silver and the same colloid after flocculation, although in the latter 
case the density of the silver is considerably increased (Fig. 2). We con¬ 
sider that this result shows theories applying to dilute solutions to remain 
roughly valid, in general, for powder catalyrsts. 

« Foumet and Guinier, Compi. rend., 1947, 334, 1S48. 
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In conclusion, a low-angle scattering measurement is carried out in 
the following way. The intensity of scattering is measured as a function 
of the scattering angle, and log I is plotted against If the curve 
has a linear portion of appreciable length, the particles are sufficiently 
uniform in dimensions, and the radius of gjTation may be deduced. 
If the contrary is observed, the particle sizes are widely dispersed, and an 
analysis of the size distribution can be made with certainty only if assump¬ 
tions are made, the validity of which determines the value of the results. 

Comparison with the Debye-Scherrer Method.—Low-angle scattering 
depends only on the dimensions of the unit domain of matter, and not 
on the internal arrangement of atoms in that domain. Thus the measure¬ 
ment of width of Debye-Scherrer lines for crystalline materials may in¬ 
dicate a smaller grain-size than thf scattering method, if each grain 
comprises several crystallites of different orientation or if the crystal 
lattice is distorted. We have examined two carbon-black samples, one 
of which gave broad Debye-Scherrer lines and the other lines so diffuse 
that they’ resembled rings from an amorphous material; low-angle 
scattering from both samples was similar in extent. This shows that 
the grains were of similar size in both cases, but that the state of crystal¬ 
lization wns different; one sample w'as almost amorphous carbon, whereas 
the other approached graphite in structure. 

This example shows how study of the central part of the diffraction 
diagram augments information given byr classical techniques, and prevents 
erroneous interpretations based only’ on the study ot Debj’e-Scherrer 
line-width. 

Comparison with the Electron Microscope.—From a comparison of 
X-ray’ data with results given by the electron microscope, it becomes 
evident that the latter instrument gives much more precise information 
about the specimen. The electron microscope does not suffer from 
restrictions inherent in the X-ray’ method, and the distribution of par¬ 
ticle sizes in a heterogeneous sample can be analyzed. The X-ray method, 
however, offers two advantages ; firstly, the specimen can be examined 
while in suspension in a liquid. For "electron-microscopic examination 
the specimen must be dried; the drynng may’ alter the particles or pro¬ 
duce coagulation, so that the true free particle in the sy’stem is net actually 
observ’ed in the microscope. The second advantage is in the examination 
of porous materials containing minute carities; these produce regions of 
heterogeneous electron density which, if of appropriate size, cause strong 
low-angle scattering. Active charcoal, for example, pr^uces strong 
scattering, although prior to activation, scattering from the same sample is 
only weak. This is attributed to the formation of porosities some tens of 
Angstroms in size. In general, the electron microscope shows only the 
apparent contour of the grain and does not disclose internal carities. It is 
just such porosity that may be important in the action of cataly’sts. 

Conclusion.—For systems as complex as an irregular array’ of par¬ 
ticles of different size and shape, such as a powder cataly’st, the X-ray 
scattering method above cannot give a precise and complete answer to 
the problem of granulometry. Nevertheless, in simple cases, or when 
complementary information secured by other physical methods is avail¬ 
able, quantitative use of X-ray data is possible. 

It should not be forgotten that, even in the general case, low-angle 
scattering may’ be used qualitatively; two catalysts of the same material 
may’ be compared, the form of the log J — €= cun’es showing which is 
the more dispersed or more homogeneous. We have shown that the quali- 
tati\’e selection of two varieties of carbon black used as rubber fillers 
w-as the same as that made by study’ of the filled rubber. In such a 
case X-rays provide a convenient and practical test of the quality of the 
product. 
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ELECTRON MICROSCOPY AND SMALL ANGLE 
X-RAY SCATTERING 


liv Haiixy K. Hybbell^ and James Hillisr® 

RtZCiisJ Fthmary , 1050 

The application ci the electron micrrscope to the study of catah’tic sub¬ 
stance-* :s cnscussed. Tne substances commonl^c used as heterogeneous catalysts 
re\edl ancer electron microscope examination a diversity of form: amorphous 
niater:alb, small ?phencal bodies, fibres and plates. Applications are cited in 
the u^e jf tht electron ni:cro‘5cope for the study of catalyst preparation and 
^lnte^ng. The ditnculties of this method of the examination of the fine structure 
are presented. An apparatus for small angle scattering of X-rays for particle 
size determination is Sesenbed. Correlations are presented on the particle 
size determinations by the electron microscope with those obtained from the 
low angle scattering of X-rays. 


Examination of the fine structure of catalysts is a matter of some 
importance in any comprehensive study of heterogeneous catalysis. 
One aspect of such a study has been the thorough investigations carried 
out on the adsorptive characteristics of surfaces for gases. Van der 
Waals* adsorption, activated adsorption and heat of adsorption measure¬ 
ments have all been utilized for characterizing the extent, the chemical 
character and the heterogeneity of catalytic surfaces. Another aspect 
of such an examination of fine structure is the study of solids by X-ray 
diffraction.^ Application of this tool using the Bragg equation for powders 
is, however, limited since most catalj’tic bodies are so finely dhided that 
they either give no lines or at best produce difiuse diffraction bands. 
Ciy'stallite size may often be determined from the width of such bands 
and in recent years the diffuseness of the central spot of the usual X-ray 
powder diagram, the low-angle X-ray scattering, has been used to char¬ 
acterize in a semi-quantitative way the particle size of specimens. The 
applicability of the small angle X-ray scattering has not been full}- tested 
by the direct correlation vith the results of electron microscopy. 

The invention of the electron microscope offered an opportunity to 
determine the morphology of catal^^st preparations with a resolution 
w^hich approaches 15 A under most favourable cases. A survey of various 
catalytic solids disclosed amorphous materials such as activated 
alumina i^Fig. ij, silica gel, cracking catalyst; spherical metal particles 
such as colloidal platinum ; fibrous materials as vanadium pentoxide 


* Chenustry Department, Princeton University', Princeton, Xew Jersey. 

^ Physics Department, ^liddlebury College, Middlebury, Vermont. 

* R.C.A. Laboratories, Princeton, Xew Jersey. 

^ Jelhnek and Fankuchen in Advances in Catalysis (Academic Press, New 
York, 104'' . p. ’5b. 

* Ruska, KcUoid-Z., 1940, 92, 276. 

* Kampino, Kayanaugh and Xord, Proc, Xai, Acad. Sci., 1943, 29, 247. 

* Shekhter, Roginski and Isalo, Acta Physicochim., 1945, 30, 217. 

* Tnrkevich, /. Chem. Physics, 1945, 13“ 135. 

* Rogmski, Shekhter and'Sakharova, Compi. rend. V.R.S.S., 1946, 53, 687. 

’ Turke\nch and HiUier, Ind. Eng. Chem. [Anal.}, 1949, 3i, 475. 

« Rogxn-*ki, Tret-yakov and Shekhter, J. Physic. Chem. Soc. Russ., 1949, 33, 
50. 115^- 
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(Fig. 2), asbestos (Fig. 3) ; plate-like substances such as aluminium 
oxide hydrate, tungsten oxide, activated charcoal, kaloin, bentonite 
clay. Supported catalysts such as platinum on asbestos or platinum 
on charcoal show well-recognizable dense particles scattered along a fibre 
or distributed on the surface of the plates. Sintering process is readily 
\nsualized as an agglomeration and fusion of fine particles while steam 
deactivation of activated alumina can be morphologically recognized as 
the formation of lath-like growth with a concomitant decrease in the 
surface area. Electron microscopy also furnishes the catal>d:ic chemist 
with a powerful tool to investigate the ageing of many hydrous oxides. 
In the alumina sol this phenomenon expresses itself in the aggregation of 
fine granules into flexible fibrils which ultimately combine to form crystal¬ 
lites while in the vanadium pentoxide sol the short fibrils lengthen into 
long rods which coalesce to form successively elliptical tactoids and rect¬ 
angular cr\’’stallites.* The general conclusion that can be drawn from an 
electron microscope examination of catatysts and related colloid systems 
is the presence of di\'ersity of form and a rather wide distribution of par¬ 
ticle size. A clear cut correlation between particle size and catalytic 
acti\itj' is therefore difl&cult. 

A programme was therefore initiated by Dr. P. C. Stevenson and 
one of us (J. T.) on the electron microscope examination of the various 
modes of preparation of the classical colloidal system, finely di\dded gold. 
It was found possible to separate the nucleation process from the growth 
process in such a way as to produce particles whose average radius can 
be varied from 100-1000 A while the deviation from the mean radius was 
at most 12 °o. While such colloidal gold is unsuited for preparation of 
catalj-tic material its study has not only furnished samples for calibration 
of other methods for the determination of particle size but has also given 
an insight into the mechanism of nucleation and growth of finely dhided 
panticles. 

There are several difficulties involved in the use of the electron micro¬ 
scope for catal^’st examination. The material studied must be so dis¬ 
persed that each morphologically significant body stands out as a separate 
unit. This is often difficult to attain especially when the intermolecular 
forces are great as in the case of the forces between graphite plates or w’hen 
the elementary particles are fused together by previous treatment at 
high temperatures. Another difficulty is associated with the fact that 
significant structure is revealed only at a resolution close to the limiting 
one attained by the present-day microscopes. Thus an examination of a 
material with a resolution of only a 100 A often tdelds mformation of 
limited value. Further difficulty is the demand made on the specimen, 
that it withstand high vacuum and not be excessively thick dess than 
4000 A). Finally, it must be emphasized that the electron microscope 
presents us with a silhouette of the inorganic material on the collodion 
mounting screen and if there is an internal sub-structure it will not be 
revealed unless fortuitously obtained by the process of dispersion. It 
was therefore felt desirable to invoke the aid of small angle X-ray 
scattering to reveal wffiether there is any sub-structure in the particles 
which appear in the electron microscope as compact units and w-hether 
there are particles in the specimen -which are invisible because they fall 
in size below the resolution limit of the microscope. The first step in this 
programme was a study of the experimental aspects in the determination 
of the small angle scattering of X-rays and a calibration of the method 
using citrate colloidal gold as the specimen.^i This sample of gold is quite 
uniform in size at 100 A radius and 12 % de\iation from the mean. A 

* Watson, Heller and Wojtowicz, /. Chem. Physics, 1948, 16, 99S. 

Stevenson, Some Experiments on Colloidal Gold (Princeton University 
Thesis, 1949). 

Turkevich and Hubbell, submitted to J. Amer» Chem, Soc, 
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value of 107 A v^as obtained from the slope of the linear portion of the 
logarithm of the mtensity agamst the angle squared of the scattermg 
curve This is m good agreement with the prediction of the exponential 
curve suggested by Warren Fankuchen ^ Guinier 1® and others The 
experimental scattermg curve also revealed a flat portion -which could 
be mterpreted as c\ idcnce of the maximum predicted by Gumier but 
modihed to gi\e a flat portion because of the use of slits mstead of pm 
holes and because of the finite distribution m the size of the colloidal 
particles The small but significant distiibution in the gold particle 
size did not express it'^elf m a cur\ature of the abo\ e-mentioned Imear 
portion of the scattermg curve plotted as the logarithm of mtensit> 
agamst the angle squared It is proposed m the present communicatirn 
to examine the correlation between particle si/e as determined b^ the 
electron microscope and small angle X rav scattermg 

Experimental 

The apparatus is illustrated in Fig 4 and consists of a North American 
Phillips X la'v unit a long collimating S3 stem and a small angle camera adapted 
bDth for photographic surve3 work and careful intensit3 measurements b3 



Fig 4 —Small angle X-ray scattenng apparatus (i actual size) 

sca nnin g with a Geiger-Muller counter tube The e-^enmental results were 
plotted as the logarithm of intensity agamst the scattermg angle squared 
Filtered chromium, copper and iron K» radiation was used The particle size 
distribution w as obtained usmg the method of resolution of such curves proposed 
b\ Fankuchen, Jelhnek and Solomon 

13 Biscoe and Warren, J Appl Phystes, 1942, 13, 364 
“Gumier, Ann Physique, 1939, la, 161 

“Jelhnek, Solomon and Fankuchen, Ind Eng Ckem {Anal), 1946, 18, 172 
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The sodium citrate gold sol was prepared by adding 45*0 ml. of water to 50*0 
ml. of chlorauric acid solution containing o-i mg. of gold per ml. and bringing 
the solution to the boiling point. 5-0 ml. of i % sodium citrate solution was 
added to the boiling solution and the boiling continued with good mechanical 
stirring for about 7 min. The final colour ol the colloid was deep winc-red. 

Faraday sol was prepared by treating 100 ml. ol chlorauric solution contain¬ 
ing 0-5 mg. of gold and 0*5 milliequivalents of potassium caibonate with 2-0 ml. 
of a saturated solution of yellow phosphorus in diethyl ether and stirring con¬ 
tinuously at room temperature, ^^^len the reaction was judged to be complete 
from the depth of colour developed, the deep ruby-red colloid was heated to 
the boiling point and filtered air w^as drawn through the solution to oxidize any 
remaining phosphorus. 

Tannin gold sol was made by neutralizing to litmus no ml. of auric chloride 
solution containing o*oi mg. of gold per ml. with sodium carbonate solution 
and then heating it to the boiling point. A fresh i % tannin solution ivas added 
drop wise until no further development of colour resulted. 

Activated alumina was the commercially available Alorco alumina. Un¬ 
activated charcoal was a coconut char. It was steam activated at 1000° C 
to give the activated charcoal. It was then impregnated with chlorplatinic 
acid and heated to give 10 % platinum by weight. 

Discussion 

The results are presented in Table I. For sodium citrate sol the agree¬ 
ment between the radius of the particles as determined from the small 
angle scattering vdth the result of 100 A as determined with the electron 
microscope, is excellent. In the case of the Faraday sol and the tannin 

TABLE I.— Particle Size Distribution as Determined by X-ray 

Scattering 


Material 

Radius (A) 

% 

Sodium citrate gold sol 




107 

— 

Faraday gold sol 




38 

91 





61 

7 





107 

2 

Tannin gold sol 


. 


75 

95 





170 

5 

Activated alumina 




56 

61 





68 

28 





100 

9 





208 

2 

Unactivated charcoal 




91 

69 





120 

28 





246 

3 

Activated charcoal 

. 

, 


34 

88 





105 

10 





169 

2 

10 % Platinum on charcoal 

. 

, 

, 

29 

61 





33 

29 





36 

10 


sol the electron microscope reveals a wide spread in particle size, the 
size ranging from 15 to 40 A with a most probable value of 25 A for the 
Faraday sol (Fig. 5), and 15 to 75 A with a most probable value of 55 A 
for the tannin sol (Fig. 6). The results of the X-ray scattering do not 
reveal the same type of heterogeneity in the samples but do indicate a 
preponderance of particles of radius close to the maximum radius as 
revealed by the electron microscope. Activated alumina reveals under 
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the electron microscope a porous structure which is difficult to characterize 
in terms of pore and particle size. The latter may be estimated as close 
to 20 A in radius. The small angle scattering indicates larger particle 
size and an apparent distribution in size which may be associated with 
the porous structure. The X-ray data on the three charcoals is con¬ 
sistent within the group in that steam activation results in the production 
of particles of smaller “ radius ” and impregnation with metallic platinum 
not only increases the total scattering curve by a factor of ten but reveals 
particles of a radius of 29-36 A. The electron micrographs disclose 
that these samples are aggregates of plates that are difficult to disperse 
and therefore difficult to characterize quantitatively. 

In conclusion we wdsh to state that mere examination of the X-ray 
scattering does not re\'eal the morphology of the specimen nor the dis¬ 
tribution in size, but must be supplemented by electron microscope 
examination. 

Chemistry Department, 

Princeton University, 

R.C.A. Laboratories, 

Princetcni, N.J. 


STABLE AND UNSTABLE ISOTOPES IN 
CATALYTIC RESEARCH 

By John Turkevich,* Francis Bonner,** Donald Schissler * 
AND Peter Irsa ** 
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A discussion is given of the advantages and disadvantages of the use of 
stable and unstable isotopes in catalytic research. The application of radio¬ 
active carbon to the study of the reduction of carbon dioxide by carbon is pre¬ 
sented. The results of the use of radioactive hydrogen for the study of the 
catalytic double bond migration are cited as evidence for the theory of a hydrogen 
switch mechanism. A discussion is given of the use of deuterium and mass 
spectrometry to determine the number and position of the deuterium atoms in 
molecules containing varying amount of the deuterium atoms. This use of the 
stable isotope of hydrogen is illustrated by examples of the analysis of the 
reaction of ethylene and deuterium on a nickel wire catalyst. 


The number of radioactive isotopes available to the catal>i:ic chemist 
and of particular use to him is limited. There are the exceptionally weak 
jS-emitting tritium, the weak jS-emitting a sulphur isotope and one 
of phosphorus. On the other hand, there are no radioactive isotopes of 
nitrogen and oxygen of convenient life. Definite advantages are gained 
in the use of radioactive isotopes in that they may be employed in minute 
amounts and still be detected by inexpensive counting equipment. 
Furthermore, in many cases it is possible to monitor continuously the 
activity during the course of an experiment. It should be pointed out, 
however, that the use of a radioactive isotope gives only an overall picture 
of the exchange reactions that take place when there are two or more 
non-equivalent atom positions in a complex molecule. To determine 
the position of the radioactive tracer atom in such a molecule, one must 
chemically degrade the molecule in well-defined steps and determine in 
what fragment the radioactivity persists. Such chemical degradations 

* Chemistry Department, Princeton University. 

*♦ Chemist^ Department, Brookhaven National Laboratory. 
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may be subject to rearrangements and exchanges and are, at best, time- 
consuming. Not only is the specific radioactivity of the sample inde¬ 
pendent of the position of the tracer atom in the molecule, but it is also 
independent of the distribution of the tracer atoms among several mole¬ 
cules. Thus, the specific radioactivity will be the same if there is one 
molecule with two tracer atoms and another with no tracer atom, or if 
two molecules are present each with one tracer atom. 

The availability of stable isotopes, deuterium, i®C, ^®N, ^® 0 , together 
with the use of the mass spectrometer for analysis, ofiers a method for 
solving the problem of determining the distribution of the tracer atoms 
among and within molecules. In the mass spectrometer the molecule 
is broken down by electron impact to give a pattern characteristic of the 
molecule. The mass spectrum so obtained is governed in its main features 
by the rupture of valency bonds in the molecule. A number of model 
deuterium-substituted compounds, not only chemically pure but isotopic- 
ally pure, have been prepared to determine the pattern relationship 
between the protium model compounds and the various deuterium model 
compounds. The spectra of the model compounds are used to convert 
the positive ion currents for the various masses obtained on the mass 
spectrometer, into composition of the various polydeuterated compounds. 

An Example of the Use of —^As an illustration of the use of a 

radioactive tracer atom in a heterogeneous reaction, consider the re¬ 
action between carbon dioxide containing and charcoal which was 
investigated at the Brookhaven National Laboratory by Bonner and 
Turkevich. The apparatus is illustrated in Fig. i. The radioactive 



Fig. 1.—^Apparatus for the study of the reeuition between charcoal and 

carbon dioxide was generated from the Oak Ridge barium carbonate by 
mixing it with lead chloride and heating it to 400* C.^ The charcoal 
granules were placed in one arm of a thermal syphon.E, made in part out 
of quartz, so that it could be heated to 1000® C. The other arm of the 
thermal syphon contained a trap for freezing out the carbon dioxide F, 
a manometer for measuring the pressure changes D and a counter G. 
The latter was a bell-jar counter with a compartment sealed next to the 
mica window so that the gases flowing by could be monitored continu¬ 
ously. The counter was calibrated for self-adsorption and a coincidence 
correction applied. The dead space of the sj^stem was measured with 

1 Zweibel, Miller and Turkevich, /. Anter, Chetn, Soc,, 1948, 71, 376. 

M 
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helium for various reaction vessel temperatures. By making appropriate 
measurements one was able to determine the specific activity either of 
the carbon dioxide or of the carbon monoxide. The experimental study 
revealed two sets of phenomena. At relatively low tempeiature of 500° C 
there was no change of either pressure or radioactivity with time. This 
was interpreted to indicate that there is no exchange between the carbon 
dioxide in the gas phase and either the carbon on the surface or any 
adsorbed oxygen-carbon compound present on the surface. Condensation 
of the carbon dioxide showed severad per cent non-condensable gas whose 
specific gravity was never less than that of the original carbon dioxide. 
This suggests the reaction 

CO a 4- charcoal = CO -f oxygenated charcoal 
with the carbon dioxide molecules approaching the surface, depositing 
their oxygen on the surface and the product CO molecules containing the 
same carbon atom that was originally present in the reactant CO2 mole¬ 
cules. This point of view has been suggested recently on the basis of 
kinetic and theoretical considerations by Gadsby and co-w^orkers.* At 
higher temperatures of 735-848® C, over 95 % of the carbon dioxide was 
converted into carbon monoxide within at most four minutes from the 
start of the reaction, with no increase in pressure nor change in the specific 
radioactivit5\ A full analysis of the kinetics wull appear in a forthcoming 
publication.® Sufl&ce it to indicate that the changes in pressure cor¬ 
relate satisfactorily with the changes in the specific radioactivity. The 
mechanism that is proposed consists of a very rapid reduction of the carbon 
dioxide to a radioactive carbon monoxide with the formation of an 
ox^’-genated surface, followed by a slow decomposition of the latter to 
give the second molecule of carbon dioxide, w'hich is now non-radioactive. 

An Example of the Use of —^Another study of the use of radio¬ 
active tracers in heterogeneous reaction was carried out by Smith and 
Turkevich * on the correlaion of the double bond migration in the butene-1 -j- 
butene-2 system with the exchange of tritium from the catalyst to these 
hydrocarbon molecules. The detection of tritium is a bit troublesome 
because of the low energy of the 0-0145 MEV j 3 -ray of this tracer nucleus. 
One is forced to introduce the tritium compound with argon into a 
counter and essentially make a count for each point of the rate curve. 
The results of Smith and Turkevich established that the catalysts for 
the migration of the double bond are also materials which readily exchange 
their hydrogen wdth the butene hydrogen, and that the rates of the tw'o 
processes are comparable. Furthermore, on the basis of these experi¬ 
ments the catalyst was formulated as a configuration of atoms (in a mole¬ 
cule or on a surface of a solid) which contains a hydrogen donor and a 
hydrogen acceptor separated by about 3-5 A. Examples of substances 
w'hich satisfy these criteria are HaS04, H8PO4, aluminium silicate, copper 
pjTOphosphate and many metal catatysts partially loaded with hydrogen. 
Such a “ hydrogen switch ” mechanism, whereby the catalyst gives one 
hydrogen to the substrate while it abstracts another, may be applicable 
to alkylation, polymerization, and cracking of hydrocarbons. Verifica¬ 
tion of such a mechanism must, however, awrait the development of a 
technique of identifying the distribution of deuterium atoms within and 
among complex hydrocarbon molecules. 

An Example of the Use of —^At present Schissler, Irsa and 
Turkevich are studying the interaction of ethylene and deuterium on 
a nickel wire using an apparatus and technique similar to that of Twigg 
and Rideal.* WTiereas the previous workers determined the extent of 
addition from the pressure drop and the extent of exchange from the 

* Gadsby, Long, Sleightholm and Sykes, Proc, Roy, Soc, A, 1948, 193, 357. 

•Bonner and Turkevich, /. Amer, Ckem. Soc. (forthcoming publication). 

< Turkevich and Smith, /. Chem. Physics, 1948, 16 , 466. 

• Twigg and Rideal, Proc. Roy. Soc. A, 1939, 171, 55. 
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thermal conductivity analysis of the hydrogen gas, we have analyzed 
the hydrocarbons in the General Electric Company mass spectrometer 
of the Brookhaven National Laboratory. To facilitate the interpretation 
of the mass spectra of the resulting deutero compounds, the analysis 
was made on the original ethylene and ethane portion and also on an 
ethane portion obtained by removing the ethylene from the former by 



Fig. 2. —Behaviour of ethylenes during the course of reaction between ethylene 
and deuterium: (I) CjH*—x (II) CaHjD—+ (III) (IV) CaHDs—# 

(V) CjD^—0. Values at end of the reaction for all isotopic ethylene molecules 

treatment with bromine vapour followed by distillation. The mass 
spectra of the deutero ethylenes was obtained by difference. In order 
to translate these mass spectra from the positive ion currents of the 
various masses corresponding to the various deuterated ethanes (ethyl¬ 
enes) and their decomposition products on electron impact, one must 
know the mass spectra of the pure isotopic compounds CaD,, CaD^H, 
. . . CaHg (CaD4, CaDaH, , . . C2H4). Since such mass spectra are known 
only for one deuterated ethane CaHsD, a set of patterns for various iso¬ 
topic ethanes and ethylenes was calculated from the patterns of the pro- 
tium compounds assuming that the ease of removal of a hydrogen and 
a deuterium are the same and that the variations in the pattern of the 
deuterium substituted compounds are governed solely by probability 
considerations. It should be pointed out that the calculated pattern 
agrees with the pattern observed for CjHsD in all masses but mass 29, 
where the calculated ion current is less than the experimentally observed 
one. This mass, however, is notoriously sensitive to impurities of higher 
hydrocarbons in the sample and the experimental value may be high 
for that reason. Further assurance of the validity of such model patterns 
is the fact that, by successively subtracting the model patterns of the 
CgD,, . . . C*H, (CjD* . . . CjH*), a small residue is left for the ion current 
in the mass 29-24 region. Finally, the validity of the results obtained 
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by such, a treatment of the mass spectra of the product is strengthened 
by the material balance on the isotopic species. Thus, in a typical case, 
39*6 mm. hydrogen atoms as ethylene and 37*7 mm. deuterium atoms 
as deuterium gas were introduced into the reaction vessel. The product 
gas of hydrogen, deuterium, the various deuterated ethylenes and ethanes 
gave on mass spectrographic analysis and resolution of the data, 38*6 
mm. hydrogen atoms and 38*8 mm. deuterium atoms. 



Fig. 3.—The formation of 
ethanes during the course 
of the reaction between 
ethylene and deuterium. 


(I) C,H,-x 
(IljC^HsD—+ 

(III) C,H,D 3-0 

(IV) C,H3D3-# 

(V) C3H3D,—© 

(VI) C3HD3 —0 

(VII) C^D.-n. 


The results obtained for the interaction of ethylene 'with two volumes 
of deuterium on a nickel wire at 90® C are presented in Fig. 2 and 3. It 
is seen that the exchange reaction proceeds more rapidly than the addi¬ 
tion reaction, that the concentration of light ethylene decreases exponenti¬ 
ally, while that of the substituted ethylenes goes through a maximum 
before it finally reaches zero. The surprising result is the discovery of 
completely light ethane from the reaction of ethylene and deuterium. 
The possibilitj’’ of the light hydrogen coming from residues left on the 
catalyst by previous runs is minimized by the pre-treatment of the catalyst 
overnight with deuterium at 300® C, and by the excellent material 
balances obtained in each run on the hydrogen and the deuterium. These 
results suggest that the ethylene hydrogenation is effected by the hydrogen 
that was pre\dously on another ethylene molecule, and only indirectly 
by the hydrogen molecule. This point is being further investigated 
and the mechanism formulation is withheld until the kinetic investiga¬ 
tions, which are being vigorously pursued, are completed. 


We wish to express our appreciation to Dr. Richard Dodson of the 
Brookhaven National Laboratory for his interest in these problems. 
Work presented has been carried out in part under the auspices of the 
U.S. Atomic Energy Commission. 

Chemistry Department^ Chemistry Department, 

Broohhaven National Laboratory^ Princeton University, 

Upton, Princeton, 

Long Island, New Jersey, 

New York, U.S.A, U.S.A. 
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GENERAL DISCUSSION 

Mr. J. A. Allen (Bristol) said : It is customary in practice to distinguish 
between chemisorption and physical adsorption in the first layer of an 
adsorbed gas by measurements of heat of adsorption. In recent work 
we have found interesting effects on the electrical conductivity of evapor¬ 
ated copper films arising from the adsorption of various gases at —183° C ; 
these are relevant to this Discussion since they appear to provide a useful 
alternative method of distinguishing between the two types of adsorption. 

The films were deposited on a glass substrate at — i83®C, annealed 
at 100® C and then cooled to —183^0, being maintained during this 
cycle under a pressure of 7 X mm. Hg. In this way it was possible 
to prepare reproducible clean films which were free of spontaneous re¬ 
sistance changes, which possessed reversible resistance-temperature be¬ 
haviour below 100® C and which had positive temp:jrature coefl&cients. 
Films of a nominal thickness of 400 A (calculated from the estimated 
amount of copper in the film, assuming a density of 8*92 g. cm.-®) which had 
a nominal resistivity at —183® C of about 13 times that of bulk copper were 
generally used. 

It was found that the admission of oxygen, carbon monoxide, and 
nitric oxide to such films at — i83®C caused an immediate increase in 



resistance which rose to a limiting value in a few minutes. Nitrogen and 
hydrogen had no measurable effect while ethylene produced a small initial 
increase followed by a gradual rise. The magnitude of these effects are 
shown in Fig. i, where R and R' are respectively the resistances of the film 
at —183® C before and after the gas was admitted. 

The limiting value for the resistance change was reached if the pressure 
of the gas was > io“* mm. Hg; a subsequent reduction in pressure 
to io“® mm. Hg did not appreciably affect the increase in resistance. 
Further, the admission of hydrogen after oxygen, carbon monoxide or 
ethylene did not affect the increases in resistance which had already taken 
place and the presence of nitrogen or hydrogen before oxygen or carbon 
monoxide were admitted only slightly decreased the rate at which the 
increases in resistance took place. The presence of argon at a pressure 
of io“* mm. Hg before the ethylene was admitted prevented the slow 
rise in resistance shown by the second part of the ethylene curve. 
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Although it is dif&cult to account for the magnitude of the resistance 
changes observed, the gases which cause marked increases in resistance 
are those which would be expected to be chemisorbed, this involving 
definite band formation with the metal. Nitrogen, hydrogen and argon 
which do not cause any increase in resistance are only physically adsorbed 
on copper at —183^6. A full account of this work together with the 
reasons which lead to this conclusion will be published elsewhere, but it 
seems worthwhile to emphasize the differences m behaviour between 
ethylene and hydrogen which may be useful in formulating the mechanism 
of the hydrogenation of ethylene. 

Mr. A. S. Porter {Imperial College, Lo'tidon) (partly communicated) : 
The need for accurate corrections for thermomolecular flow in adsorption 
work at low pressures is not always recognized. Neglect of these pre¬ 
cautions, when an adsorbent is at a temperature different from that of 
the pressuie gauge may lead to significant errors in calculating (a) the 
equilibrium pressure over an adsorbent; and (&) the amount of gas re- 
mainmg in the g s phase and, therefore, of the amount adsorbed. 

Consider a tube of diameter d cm. connectmg two parts of a system 
at absolute temperatures and where the pressures of a gas at equi¬ 
librium are respectively p^ and p^. Knudsen ^ has shown that, in general. 
Pi p2> unless A, the mean free path of the gas molecules, is negligibly 
small compared with d. Except \vhen 10 > d/X > 1, the relationships 
between p-^ and p^ are given b}’ eqn. (i) ^ and (3) ^ below. 

WTien d/X > 10, 


dr 


0*00139 


I + c/273 
I + C/T 


Vo I 
Vpo • ^ 


d 

- + 32-07 • j 


I -f“ C/'I' 


+ c/373 7 ) 
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where C is Sutherland's constant, tjq and po are respectively the viscosity 
and density of the gas at o® C and ifto bar pressure, ki and are constants, 
and p is measured in p, bars. 

Eqn. (i) may be integrated, neglecting as did Knudsen, the variation 
of the term (i -f C/T) with temperature to give 
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w'here ;» = (i -f- 0*178 

, Vpo (I + C/TY 

and a = 43040 ^^2-— , 7 ^/ - -• 

^0 I + C/273 

Here (i -j- C/T)' is the mean value of i + C/T over the temperature 
range T^ to Tg; and p^ and p^ are in mm. Hg. 

WTien djX <1, 

p 8 • I -f i?/A * T' * ‘ * ‘ 

where k varies only very slowlj'^ with pressure and may be equated to 
4/3 over this range. 

Integration of eqn. (3) gives pjp^ explicitly as 

Pi [ h -h (h- + 26 T,/j)g + T,Tjp,^)\ -\ 

>g J’ ^4) 

i ?273 

Ao ~ the mean free path of the gas molecules at n.t.p., 
and px and p^ are again in mm. Hg. 


where b 


^ Knudsen, A nn. Physik, 1910,31,205. 


* Knudsen, ibid., 1910,33,1435. 
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When dj\<^ 1 integration of eqn. (3) gives 

PilPi = (^ 1 /^ 2 )^ • • • • (5) 

Fig. 2 shows the application of these equations to hydrogen, where 
d = i*i8 cm., Ti = 78° K and = 298° K. 

It is reasonable to assume that eqn. (4) becomes progressive^ less 
accurate as djX increases in the range 10 > d/A > i, and the dotted curve, 
linking the two calculated curves, is drawn on this assumption. The 
experimental points show that eqn. (2) and {4) and the above assumption 
are satisfactory for practical purposes. It may be noted that Dushman^s 
suggestion ® to use eqn. (5) when djX o*i introduces an error of approx. 
8 % with the values of and Tj used here. 


^'/p. 

0 Eqn (4-) 

□ Eqn (Z) 
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—Eqn. ^ 5 ) 
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1 
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T 


Fig. 2.—Thermomolecular flow of hydrogen in i*i8 cm. diameter tube, where 
Ti = 78K and T3 = 298K. 

The efiect of thermomolecular flow on (a) above is apparent from the 
graph, but the significance for (b) depends on the ratio of the quantity of 
gas adsorbed to that remaining in the gas phase. This is illustrated by 
reference to Allen and Mitchell's results at -- 183® C. 

Neglecting, for the present, the breakable gas seal, their results may 
be re-calculated as follows. Mr, Allen gave the final pressure as lo-® mm.; 
presumably this is the pressure in the bulb, calculated by eqn. (5) from a 
Pirani gauge reading of i-8o x io-“ mm. For oxygen (Aq = lo-”^ cm.), 
eqn. (4) would give the pressure m the bulb as 1-57 x lO"® mm. when 
Ti = 90° K, Ta = 300® K and d, from their diagram, is i cm. 

Calculated in this manner, column 3 of their Table I would read 0*3, 
0*5. 0*7. 7’3» 9-9. 9'2, 14*2, 21-4, (x lo^® molecules/cm.*) in place 

of their values of i-i, 1-3, 1*5, i-8, 2-4, 8*i, 107, lo-o, 15*0, 22*2 (x 10^® 
molecules/cm.®). 

WTnle their ingenious use of the narrow gas seal undoubtedly reduces 
the errors due to the use of eqn. (5), it cannot be regarded as entirely 
satisfactory, owmg to its short len^h (i-i*5 cm., from the diagram) and 
the fact that only one end is attached to the outer glass tube. Both these 
facts make it unlikely that the upper end of the narrow tube is near to 
room temperature, which is necessary if it is to be effective. Experimental 
calibrations might overcome the difficulty, but the precise level of the 
liquid oxygen bath, and the point of breakage of the seal would then be 
highly critical. 

It is evident that the significance of thermomolecular flow must be 
assessed experimentally, or by detailed calculation, for any particular 
case. The above considerations show the desirability of using tubing 

® Dushman, Scientific Foundations of Vacuum Technique (Wiley, New York, 
1949). p. 65. 
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of uniform diameter throughout a temperature gradient, so that the prob¬ 
lem is amenable to accurate calculation. While the initial calculations 
are laborious, the graphical presentation shown in Fig. 2 permits the 
necessary corrections to be read ofE rapidly and accurately. 

Mr. J. A. Alien and Dr. J. W. Mitchell [Bristol) [communicated) : 
With regard to Mr. Porter’s criticism of our use of the simple Knudsen 
correction for the thermomolecular flow, \ve did in fact carry out calibra¬ 
tion experiments with blank bulbs. These experiments showed that the 
simple correction was strictly applicable with our apparatus for oxygen 
at temperatures do^vn to — 78° C. At — 183° C deviations Ixom the 
simple correction value were observed and the results given at this 
temperature may be too large by 0-3 x lo^® molecules per cm.* for 
pressures in the neighbourhood of '10-* mm. Hg. The method used for 
the calibration did not allow one to distinguish between the error associ¬ 
ated with the Knudsen correction itself and the increase in the amount 
of oxygen adsorbed on the glass surface which might occur in the tem¬ 
perature range bet^veen — 78® C and — 183° C. Similar calibration 
measurements carried out with hydrogen at these pressures showed that 
the possible error at — 183® C was not greater than o-i x lo^'" molecules 
per cm.® which suggests that there may be an increased adsorption of 
oxygen on a glass surface when the tem^rature is reduced from — 78° C 
to - 183® C. 

It may be pointed out that even if the results at — 183° C are too large 
by 0*3 X 10^® molecules per cm.*, the interpretation is not seriously affected 
because this value is of the same order as the spread of the results between 
different experiments made under the same initial conditions. We should, 
in conclusion, like to t h ank Mr. Porter for his valuable contribution to 
the discussion on the paper. 

Dr. B. M. W. Trapnell [Royal Institution, London) said: Mr. Allen 
and Dr. Mitchell have suggested that no oxidation of their copper films 
takes place between — 183® C and about room temperatures. Their 
main evidence for this is that the quantity of gas taken up at equili¬ 
brium " does not vary much in this range, and that this quantity cor¬ 
responds to that expected for a chemisorbed monolayer on (in) faces, 
assuming a film roughness factor of unity. 

Now one would expect the chemisorption of CO, Hg and Ng to be 
nearly complete at — 183® C and at small pressures, and therefore the 
ratio of CO, Hj, N* and Og uptakes to be 2/1/i/i. Allen and Mitchell 
actually find about 2/1/1/4. This leaves us with two alternatives. The 
first is that 4 oxide layers are formed at these low temperatures, and that 
the film roughness factor is less than one and about 1/4, which is only 
underst^dable lor a continuous surface if it is partly covered with initial 
contamination. The second is that CO, Hg and Ng only have one-quarter 
their expected covering power, which is hardly reasonable. 

It is better to conclude that low-temperature oxidation is taking place, 
and that AHen and Mitchell have only obtained a partially clean surface. 
This conclusion is supported by the work of Brunauer and Emmett, who 
found that 7 or 8 oxide layers are formed on iron with great rapidity at 
liquid-air temperatures, by the work of Beeck, Smith and Wheeler, who 
found s unilar phenomena, with nickel, and by my own work on tungsten, 
where again some low-temperature oxidation takes place. 

Mr. J. A. Alien and Dr- J. W, Mitchell [Bristol) [communicated) : 
We have stated that copper films do not oxidize below 240° K and not 
below room temperature as has been quoted by Dr. Trapnell. In our 
opinion, based on measurements of resistance changes accompanying 
adsorption on thin films, nitrogen and hydrogen are physically adsorbed 
on copper at low temperatures, and at the pressures used, the formation 
of complete physically adsorbed layers is unlikely. The number of 
molecules of oxygen and carbon monoxide taken up per cm.® below 
240 K is approximately the same for both gases as is shown in Fig, 3 
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in which the number of molecules taken up per cm.® is plotted against 
the temperature. 

Trapnell has assumed, without justification, that oxygen is chemi¬ 
sorbed as atoms and that one atom of oxygen and one molecule of carbon 
monoxide can each occupy one site on the surface. He has also argued 
that the surfaces of our copper films are initially contaminated to the 



Fig. 3. 


extent of at least three quarters of their area. We do not accept these 
arguments for the following reasons, (i) Work in this laboratory over 
a period of years has established a technique whereby beads of copper 
on tungsten filaments can be thoroughly outgassed. This has been 
checked by very sensitive contact potential measurements and the tech¬ 
nique used in outgassing the beads used for the present work has been 
proved to be entirely satisfactorj^. (ii) Reproducible results are unlikely 
to be obtained if contaminated films are used for the measurements, 
(iii) The technique used for depositing the films ensures beyond all reason¬ 
able doubt that, provided the beads are thoroughly outgassed, the free 
surfaces of the films will be uncontaminated. 

As far as we are aware, there is no evidence whatever to support the 
contention that oxygen is dissociated on copper below 240° K. If this 
were the case, it seems that oxidation should certainly proceed, the oxide 
film growing very rapidly to approximately 20 A in thickness. Our 
own work with aluminium has shown that, wdth this metal, oxidation 
does proceed in this manner even at — 183® C and the comparison of 
the behaviour of copper with that of aluminium leaves little doubt that 
an oxide layer is not formed on copper below 240® K. Fig, 3 shows that 
this is the critical temperature above which oxidation proceeds. 

It is suggested, and this may be supported by theoretical arguments, 
that oxidation of copper does not proceed below 240® K because the oxygen 
molecules are not dissociated on copper below that temperature. The 
equality between the number of molecules of oxygen and of carbon 
monoxide adsorbed below that temperature is most simply accounted for 
by assuming that one molecule of oxygen and one molecule of carbon 
monoxide occupy the same number of adsorption sites on the surface. 
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Mr. P. F. Tiley {Bristol) said : With reference to the adsorption of 
oxygen on metals, I wish to mention some results obtained recently at 
Bristol on the uptake of oxygen by reduced copper at 20° C. Successive 
admissions of oxygen were made to a sample of copper powder reduced 
with hydrogen at 150® C and then evacuated for 16 hr. at 190® C. For 
each admission the integral heats of adsorption were measured over a 
period of 12 min. in the calorimeter previously described.* 

The first two admissions gave a heat value of 108 kcal./mole, falling 
on the third admission to 83 kcal., and remaining constant (± 3 kcal.) 
at this value until the 8th admission, when it dropped in two further 
admissions to 56 kcal. These figures should be compared with the heat 
of formation of CuaO = 81 *6 kcal./mole of Oa® and heat of adsorption 
of O2 on CugO = 55 kcal. /mole of O2.* 

For the first 7 admissions the rate of uptake of oxygen was very rapid, 
and appeared to be controlled only by the rate of diffusion ot the gas 
into the calorimeter, but at the 8th admission the rate showed a marked 
decrease. The total amount of oxygen taken up over the first 8 admissions 
corresponded to a thickness of cuprous oxide of approx. 15 A. 

The results largely confirm the 'work of Allen and Mitchell and, in addi¬ 
tion, suggest the rapid formation at room temperature of a normal CugO 
phase. It is felt that the initial high values of > 100 kcal./mole (which 
cannot be accepted without reservation until the work has b^n repeated) 
are relevant to the observations of Prof. Taylor on the posioning of active 
metal catal3rsts by small traces of oxygen. 

I should also like to draw attention to the fact that the heat of ad¬ 
sorption of oxygen on tungsten of 140 kcal.® is very close to the heat of 
formation of WO3, which is approx. 130 kcal./mole of Og.*^ It is open 
to question whether the observed phenomena on the uptake of oxygen 
by a clean tungsten surface may not be interpreted in terms of the forma- 
•tion of a thin oxide film due to the rapid mutual penetration of the surface 
metal atoms and oxygen, followed by adsorption of oxygen on this oxide. 

Dr. J. S. Anderson (Harwell) said : The results mentioned by Mr. 
Tfiey (that the initial heat of reaction of oxygen with a copper film is 
greater than corresponds to the formation of CugO) suggest that we must 
always bear in mind that to get significant thermochemical measurements 
we must start frofn a properly defined state and finish up with a properly 
defined state thermodynamic^ly. Neither condition is entirely fulfilled 
in reactions occurring on evaporated films. Until measurements have 
been made, for example, of the heat of solution of such films, their content 
of stored energy is quite uncertain. The formation of highly mobile 
films, when condensation takes place at low temperatures, shows that a 
considerable degree of metastability may be involved. 

On metals such as copper or iron, the nature of the oxide formed is 
quite undefined. Thus ferrous oxide is thermodynamically unstable 
below about 600® C, and even within its existence range is not stable with 
the composition FeO : the wiistite phase has a range of composition 
from about FeOj.oe to FeOj.js. Dr. Beeck has referred to the formation 
of oxide films about four layers deep by reaction of oxygen 'with e'vapor- 
ated films at low temperatures. The composition of such films (if essenti¬ 
ally FeO) could be inferred from the cell dimensions, as determinable 
by electron difiEraction measurements, for example. It would be desirable 
for this^ sort of anal3rsis to be done before attempting to draw too many 
^eoretical conclusions from calorimetric and other data. Cuprous oxide 
is like'wise a phase of potentially variable composition, and the composi¬ 
tion of the surface oxide on a copper film may or may not be CugOi.Qoo* 

* Gamer, Gray and Stone, this Discussion. 

* Randall, Nielsen and West, Ind^ Eng, Chem,, 1931, 23, 388. 

® Roberts, Proc, Roy, Soc, A, 1935, 152, 473. 

’ Moore and Parr, J. Amer, Chem. Soc„ 1924, 46, 2656 ; Int, Crit, Tables, 
5 f 192. 



GENERAL DISCUSSION 


363 

Both the heat of formation and the diffusion coefficient involved in the 
formation of ** polymolecular" oxide films would be sensitive to the 
composition. 

Dr. D. D. Eley {Bristol) {communicated) : The observations in the 
paper of Allen and Mitchell (and also Beeck, et al.^ on the stabilization 
of copper films by chemisorbed hydrogen prompt me to mention the 
results of some approximate calculations.® It is well known that evapor¬ 
ated films show a degree of mobility of atoms at low temperatures even, 
e.g. Appleyard,^® Picard and DufFenbach.^^ To a first approximation, we 
might treat the film as made up of pure liquid drops with a surface tension 
of ca. 1000 dynes/cm. The surface tension will, of course, be the driving 
force behind aggregation and if a chemisorbed gas tends to lower the 
surface tension, it will tend to prevent sintering of the film. For hydrogen 
on tungsten, we know the heat of adsorption of hydrogen from B (surface 
covered) = 0 to i. We may accurately enough calculate the entropy 
of adsorption for any gas pressure. Thus, we obtain the result that in 
the presence of io“® mm. pressure of gas the surface tmsion of a W film 
is lowered 580 dynes/cm, which may well suffice for the purpose ol stabil¬ 
ization. 

Mr. P. R. Rowland {Guy*s Hospital, London) said : With reference 
to the evaporated copper films of Dr. Allen and Dr. Mitchell I would like 
to ask them if they consider that there may be faces other than (in) 
present in films sintered at room temperature ? Stranski and M^l 
have carried out some calculations which indicate that in the equilibrium 
crystal forms of face centred cubic metals the faces which predominate 
are (in) and (001) if we take into account interactions between nearest 
neighbours only. (If interactions between more distant neighbours are 
included, the calculations indicate that more vicinal faces will also appear.) 
Dr. Trapnell has suggested that some molecules may cover more than 
one adsorption site each. If we consider cases where the effective radius 
of each adsorbed particle is greater than that of the metal atoms the number 
of sites covered per adsorbed particle depends on the geometry of the face 
concerned.^* 

Mr, J. A. Allen and Dr. J. W. Mitchell {Bristol) {communicated) : 
We have no evidence as to which crystallographic planes are exposed in 
our evaporated copper films. The (iii) face was used for calculating the 
number of adsorption sites simply because it is the face of minimum free 
energy for the close-packed lattice ; the value deduced gives the order of 
magnitude of the maximum number of adsorption sites on a plane copper 
surface. 

Prof. J. H. de Boer {Geleen and Delfi) said: Dr. Mitchell has given a most 
excellent review of the various possibilities of obtaining semi-conductors. 
May I add two more systems ? There is, in the first place, the substance 
Fe304 where the presence of ferrous and ferric ions in equivalent lattice 
positions causes an excellent semi-conductivity. Secondly, I would like 
to draw attention to the fact that very thin films of metals, obtained by 
sublimation in vacuo, do ntit conduct electricity in a purely metallic way. 
The temperature coefficient of the conductivity is abnormal and it is 
often found that the thin film behaves formally as a semi-conductor. 
It was on such very thin molybdenum films that about 12 years ago 
Dr. H. H. Kraak and I could demonstrate the van der Waals' adsorption 
of oxygen at low temperatures and chemisorption at higher temperatures. 
The chemisorption resulted in a large decrease of conductivity. It 
demonstrated that thin films of metals which are properly annealed can 

* Beeck, Smith and Wheeler, Proc. Roy, Soc, A, 1940, 177, 62. 

® Eley, Nature, 1946, 158, 449. 

“ Appleyard, Proc. Physic. Soc., 1937, 49 * 

Picard and Duffenbach, J. Appi. Physics, 1943, 14, 29. 

Stranski and Mahl, Z. physik, Chem. B, 1942, 51, 257, 319. 

Stranski and Suhnnann, Ann. Physik, 1947, 4, 169. 
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serve as models for studying chemisorption in a similar way as the semi- 
conductors which are under discussion. 

Dr, D. D. Eley (Bristol) said : Dr. de Boer has suggested that very- 
thin metal films are semi-conductors, but I wonder it this may not be 
misleading. Is it not a question ot electrons ha^ung to pass from one isol¬ 
ated crystallite to another, across gaps or along the glass ? This jumping 
process \vill be activated, and profoundly influenced by adsorbed gases. 
The efiects described by Twigg on silver deposited on glass wool aie 
probably of this type, and possibly also the ejSects of gases on the con- 
ducti\dty of films as described earlier in this Discussion by Allen and 
Alitchell. 

Prof. J. H. De Boer (Geleen and Delft) (communicated) : The view 
expressed by Dr. Eley is often found in literature, but does not, in my 
opinion, explain the behaviour of well-sintered thin metallic films. I 
would like to draw his attention to our work published in 1936 and i937-^"^ 
Gases, when physically adsorbed, give a slight increase of conductivity, 
when chemisorbed a larger decrease of conductivity may be found, 
provided the films have been carefully heated to a higher temperature 
previously. Films of metals like silver on glass show, especially in the 
presence of oxygen, disturbing (re)crystallization phenomena. 

Dr. T. J. Gray (Bristol) said : In catalysis it is the interaction of 
gases with the surface region of the solid which is of major significance. 
In the course of catalytic processes, defects are created and destroyed. 
It follows, therefore, that in developing a technique foi a study of cata¬ 
lysis by measurements of semi-conductivity those systems should be 
selected for which there is the optimum change in conductivity during the 
adsorption and desorption of gases commensurate with stability. At 
workhig temperatures for most oxide catalysts the surface zones are of 
greater significance than the bulk solid both for catalysis and conducivity 
so that the use of stabilized semi-conductors of the TiO* varieties would 
appear to be excluded as insen'^itive for the required measurements. 

To be satisfactory the system selected must show reproducible and 
reversible changes of semi-conductivity during the adsorption and de¬ 
sorption of various gases. Long-term stability is essential and the various 
activation energies determined from the kinetic and conductivity relation¬ 
ships must be reproducible between samples although the absolute activity 
of the samples may vary considerably. These conditions have been found 
to hold with the copper and manganese oxide systems but with zinc oxide 
the kinetic study shows some variation with history. 

Considering the postulated model for the adsorption of oxygen we have 

0 « 

Site (A) Oj O ^ / O' \ (B) Site 
Oxide V{+)/ 

Oxygen is initially adsorbed at site A, dissociates and diffuses as atoms 
over the surfaces. At site B oxygen atoms interact with the surface giving 
rise to defects which modify the semi-conductivity. The tempeiature 
coefiicient of conductivity leads to the activation energy for the formation 
of a current carrier in the process (B). The activation energy derived 
from the rate of change of conductivity during oxygen • adsorption at 
\’arying temperatures and pressures leads to the overall activation energy 
embracing adsorption, dissociation, difiEusion and formation of current 
earner. The mte of uptake of oxygen gives the activation energy for the 
initial^ adsorption process at site A either separately or including the dis¬ 
sociation process. The very large increase in rate of change of conduc¬ 
tivity by adsorbing atomic ox3rgen has indicated the relative significance 

“Twigg, Trans, Faraday Soc., 1946, 42, 637. 

“ Rec, trav. chim,, 1936.55, 941, and 1937, 
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of this stage while the non-equivalence of the two oxygen atoms from 
each molecule suggests that one enters into solution in the surface region 
without affecting conductivity. 

Apart from the question of the part played by defects in the catalytic 
process, it is clear that semi-conductivity measurements afford a satis¬ 
factory method of studying the kinetics of catalytic processes. 

Dr. A. F. H. Ward [Manchester) [communicated) : In connection with 
the measurement of heat of adsorption with small amounts of materials, 
it may be useful to draw attention to the microcalorimeter which I con¬ 
structed for this purpose. This functioned as an adiabatic calorimeter, 
not b}" varying the temperature of an adiabatic shield, but by removing 
a quantity of heat from the calorimeter vessel equal to the heat of ad¬ 
sorption. The removal of heat was effected by passing a small current 
through a series of thermocouples, with one set of junctions in the calori¬ 
meter, and producing a cooling by the Peltier effect. This current was 
adjusted in such a way that the temperature of the calorimeter remained 
constant, as indicated by another series of thermocouples. A heat evolu¬ 
tion of 0*0005 CS'I, could be detected and heat cou^d be extracted at rates 
up to about 0*2 cal./min. These figures could be made greater or less by 
suitable modifications to the electrical circuits. 

Dr. B. M. W. Trapnell [Royal Institution, London) said: Chemisorption 
of ethylene takes place with dissociation of hydrogen and formation of 
a complex MCgHa. Deuteration of ethylene, which must proceed through 
deuteration of the acetylenic complex, will therefore only yield CjHaDg 
and C2D4 unless intermolecular exchanges between complexes take place 
in the adsorbed layer. Now Turkevich, Bonner, Schissler and Irsa 
assume that deuteration of ethylene is governed solely by probability 
considerations, and that mono-, di-, tri- and tetra-substituted bodies are 
all possible products. The analysis of data on this basis may weU give 
misleading conclusions. 


Ward, Proc, Camb. Phil Soc,, 1930, 26, 278. 
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A. SPECTROSCOPY AND MOLECULAR STRUCTURE 

I. ELECTRONIC SPECTRA 

INTRODUCTORY PAPER 

SIGNIFICANT PROGRESS AND PRESENT PROBLEMS 

By C. a. Coulson 
Received loth October, 1950 

The Discussions of the Faraday Society have a habit of marking a 
turning-point in their subject. It is a long time now since the Society 
last discussed electronic spectra; but the moment is very opportune for 
doing so, and I think we shall look back on the group of papers presented 
at this session as marking one more of those turning-points of which I 
have just spoken. 

Problems in electronic spectra roughly divide themselves into matters 
of characterization, or classification, of the transition involved, and the 
business of calculation, by which confirmation of the characterization is 
obtained and new predictions are made, or a deeper understanding is 
achieved of the factors which operate to decide either the magnitude of 
the energy jump, or its intensity. All these matters receive attention 
in the series of papers that follow. 

We shall see these in perspective if, for a moment, we reflect on the 
manner in which, between 20 and 25 years ago, a similar attack was being 
made on the relatively simple task of un&rstanding electronic transi¬ 
tions in diatomic molecules. In those days there was relatively little 
theoretical guidance, though people like our President Sir John Lennard- 
Jones, and Himd, Herzberg and Hiickel had begun those wave-mechanical 
studies that were to confirm almost all the details of the picture largely 
developed semi-empirically by MuUiken, There were three chief tools 
in the making of this picture : 

(a) the united-atom viewpoint, in which the energy levels of the 
molecule are traced back to those of the larger single atom that would 
result from a coalescing of the two nuclei; 

if>) a classification of individual electron orbitals into a and w, corre¬ 
sponding respectively to complete symmetry around the molecular axis, 
and to the existence of a plane of zero charge density, which passes through 
the axis and with respect to which the wave-function is antisymmetric ; 

(c) use of the isoelectronic principle, in which pairs of related mole¬ 
cules, such as CO and Nj, which share the same number of valence electrons 
and presumably have related spectral transitions, are studied together, and 
compared. 

The guiding principle behind all this was that the characterization of 
molecular energy levels and transitions was similar in essence to that of 
atomic levels: i.e., that we can assign orbits, and energies, to each 
separate electron, and discuss transitions of any single electron from one 
such orbit to another—^transitions in which the other electrons are not 
supposed to change their wave functions to any significant degree. All 
this could be substantiated by qualitative computations, but the intract¬ 
able character of the numerical work was such that no really detailed 
cbb initio calculations could be made except perhaps for molecular hydrogen 
H2. 

A I 
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Now the papers in the present Discussion are almost all concerned, 
not with diatomic molecules, but with relatively large systems like 
naphthalene. With the exception of that interesting account by Porter 
who show^s that a flash technique enables the same sort of information to 
be acquired with regard to ftee radicals and other short-lived substances 
as w’as needed for the more normal simple molecules studied since 1925, 
all the contnbutions involve molecules with closed rings and, moreover, 
with conjugation, so that many of the \'alence electrons cannot even be 
treated as if the}^ belonged to one bond, with a local behaviour similar to 
that obtaining in diatomic molecules, but must be treated as if they 
belonged to the w'hole molecule. Particularly is this true of the familiar 
sr-electrons of organic chemistry. All this means that the problem of 
electronic spectra appears quite different now from formerly. But the 
interesting thing is this : all three of those chief ideas that I described 
for diatomic molecules are now in use for these large molecules also. 
They have changed m the process of adaptation, but I do not believe we 
shall properly appreciate the papers in this section of the Discussion unless 
W’e recognize them in their new' guise. This I must now explain. 

But first two w'ords of wammg. In the 1930*5 we were so bemused 
by the theory of resonance that attempts were made (and indeed still 
are made in some quarters) to apply it in an uncritical way to an ex¬ 
planation of electronic transitions. You will often find it stated, for 
example, that “ the more resonance there is, the longer is the wavelength 
of absorption Thus, “ in amino naphthsdene there is more resonance 
than in naphthalene : therefore the absorption moves towards the red 
This is plain nonsense, and, as the Pullmans show,* it is often not even 
in accord with the facts. There is fortunately very little of such stuff 
in this Discussion : its unforgiveable sin is that it forgets that electronic 
spectra arise from a transition from one level to another. Only by an 
aiial37sis of both levels can any satisfactory inferences be drawn. 

The second matter is that there is, in this set of papers, practically 
no sign of any conflict between rival theories of approximation, whether 
molecular-orbital, valcnce-bond, or any other, such as we should have 
had as recently as only two or three years ago. This is a healthy sign. 
It does not mean that all the methods are in any nice happy state of 
mutual agreement. But it does mean that we now recognize the very 
severe limitations that are inescapable in any attempt at a thorough¬ 
going calculation of molecular spectra. It is an interesting stage at which 
we liave now arrived, that we regard our calculations as being indicative 
and corroborative, rather than as settling the issues in dispute. 

Now for the three principles of which I spoke earlier. First there is 
the united-atom viewpoint. For a molecule like benzene, or pyridine, 
this is obviously no use except in a discussion of Rydberg levels, in which 
the one excited electron moves in an orbit so far outside the greater part 
of the molecule that the precise location of the net positive charge around 
which it may be regarded as moving, is not enormously significant. This 
point of view is well utilized in the paper by Teegan, Walsh, Hammond 
and Price, though, as they say, there is a great deal more to be done before 
even these—conceptually the simplest of all molecular transitions—are 
fully understood. 

The second principle was the division into a and v electron orbits. 
This ** goes over " into a discussion of the symmetry of the molecule, 
which, as the powerful methods of group theory show with a quite 
astonishing economy of effort, separates the orbits of individual electrons 
and the complete electronic wave function for the molecule as a whole, 
into classes. These classes are quite clear-cut and distinct: they arise 
solely on account of the particular symmetry of each molecule. When 
we speak of the characterization of a transition, as, e.g., the familiar 
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transition in benzene, we mean, in the first place, the descrip¬ 
tion in terms of symmetry class of the initial and final states of the mole¬ 
cule : and in the second place we often mean an attempt to interpret 
this transition as the change of one electron in an orbit of given symmetry 
type to an orbit of a different symmetry type, so that, for example, we 
can associate a given band with a particular direction in the molecule, 
and show that only light polarized in this direction will be absorbed, 
or emitted, in the transition responsible for this band. Criteria of this 
kind are likely to be particularly important, as later papers in this Dis¬ 
cussion show, for understanding the behaviour and structure of many 
biologically important molecules. In this kmd of purely qualitative 
analysis it is absolutely essential to invoke the aid of theory, to show which 
transitions are allowed, and which forbidden. 

Thirdly, there is the isoelectronic principle. This has reappeared, after a 
period of eclipse, in two quite different forms. In the first, we discuss 
a homologous series of molecules, such as benzene, naphthalene, anthra¬ 
cene and other 'acenes, finding in the variation from member to member 
e\’idence of the nature of the transitions. This is well-exempHfied in the 
work of Craig and Kasha in this discussion. But it also takes the 
form of an enquiry into what happens to a given transition when we 
change one part of the molecule as e.g. by a new substitution, or an old 
substitution at a new position in the molecule, or by a replacement of 
a carbon atom in the aromatic nucleus by a nitrogen (cf. benzene and 
pyridine). This is illustrated in the paper by Herington on different 
homologues of substituted pyridines, and by Cave and Thompson on 
fluorinated toluenes. It is also shown in the interplay between electronic 
and vibrational motion, where, on accoimt of the occurrence of certain 
vibrations of particular symmetry, the shape of the molecule alters in 
such a way as to permit otherwise forbidden transitions. This type of 
argument, originally due to Ingold, is applied with much success to the 
study of naphthalene by Sponer and Nordheim. The opening-up of this 
field is now being greatly accelerated by working in glassy solutions at 
very low temperature. This technique, so ably developed by Kasha 
and his collaborators, and others, has already provided us with large 
numbers of new bands, and shown us that some bands which we thought 
were characteristic of a single transition, are in fact superpositions of 
two, or even three, separate bands. 

I think that now you will see why I regard this Meeting as signalling 
a most important stage in understanding electronic spectra. There are 
three particular applications in which it seems to me that real progress 
has now been made. Thus : 

{a) we do really know a little about what Rydberg series mean : 
and how the quantum defect is related to the type of atomic transition 
to which the series applies. We know a little about the way in which 
bulky substituents will affect these series, and destroy fine structure, 
by providing an electron doud with which the excited electron collides. 

(6) We do really begin to be able to characterize the valence-shell, 
or ^ F, transitions. No longer is it true that the benzene molecule 
is the only one for which we are reasonably certain that we can classify 
the long-wavelength absorption spectra. This, which is the result of a 
good deal of work by many people, is a solid achievement which will 
imdoubtedly open up this whole field enormously. It certainly shows 
the enormous importance of a proper study of the intensities of these, 
and other, transitions. A greater emphasis on transition probabilities 
is likely to be a feature of future work in this field. 

{c) We do really begin to understand the extremely interesting ways 
—of a different order of magnitude from atomic spectra —m which 
technically forbidden transitions occur. In fact many of the most chaiao 
teristic features of molecular spectra arise just from these transitions. 
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Here, the study of singlet-triplet spectra, and particularly the agreement 
between calculated and observed intensities, is beginning to bs quite 
impressive. 

This does not mean that everything is clear—^far from it. Indeed, 
there are three really serious problems which, although much studied, 
have at present received no satisfactory answer. In the first place there 
stands the fundamental concept on which the whole study was built— 
the concept of a transition in which one electron changes its orbit. This 
worked weU for atoms and for diatomic molecules. But there is a growing 
sense that it is less valid with large molecules. What is described tech- 
nicall}" as configuration interaction appears to be quite a lot more im¬ 
portant with ir-electron systems than we had originally supposed. If 
this simple and pictorial interpretation has to be abandoned, in whole 
or in part, it is most essential that we should find an alternative simple 
picture. For without some easily-visualized model, we shall almost 
certainly miss the really decisive measurements and calculations. 

The second aspect that deserves a fuller study is the way in which 
we may describe a Rydberg level. For anything like a satisfactory in¬ 
terpretation, it is clearly insufficient to say that these levels are similar 
to those of an otherwise free electron moving round an effective positive 
charge of approximately unity at some mean centre of position. For if 
at the moment of excitation the electron was around nucleus A, then 
the effective positive charge is at A, and the Rydberg orbit should have 
A as its centre. Such a situation would not remain for long. Very soon, 
just as in the migration of F-centres and other singularities in an infinite 
alkali-halide crjrstal, the net positive charge and the Rydberg orbit would 
have moved to be around atoms B, C . . . . If we knew how to intro¬ 
duce this concept adequately into our wave-mechanical analysis, it would 
not be long before we could deal effectively with the large amount of 
experimental evidence and observation now available. 

The last problem that I should mention is that of the internal con¬ 
version of energy within an excited molecule. At present we seem to 
be without any clear understanding of the mechanism of those radiation¬ 
less transitions which take place, sometimes very easily, after the ab¬ 
sorption of energy. Here, quite evidently, we require a much more de¬ 
tailed study of the interplay between electronic and vibrational motion 
in cases where the latter energy may be a much larger fraction of a con¬ 
ventional bond energy than is usually found in diatomic molecules. In 
this sort of study the use of intensities, particularly absolute intensities 
of transition, is likely to play a dominant role. 

Work is being done along these, and other, lines and will doubtless soon 
jdeld its successes. What is important just now is that we know what 
questions to ask I That in itself is a measure of our progress. 

It is tempting to say more about what has been done in the batch of 
papers now under discussion. But I hope at least that I have made clear 
the background against which you must judge them. I must leave the 
detailed explainmg to the authors themselves. 

King*s College, 

Strand, London, W.C. 2 . 



THE LOW EXCITED STATES OF SIMPLE 
AROMATIC HYDROCARBONS 


By D. P. Craig 
Received iSih July, 1950 

Lack of experimental knowledge of the polarization of spectral band systems 
on the one hand, and disagreements between theoretical predictions on the 
other, have allowed no spectral assignment in the aromatic series to be securely 
held except that of singlet for the 2600 A band system of benzene. 

This position has recently become clearer. On the experimental side a key 
assignment in naphthalene is strongly, even if not conclusively, indicated by 
Kasha and Nauman's finding that the lowest transition is extremely weak, 
comparable with the symmetry forbidden system in benzene. And on the 
theoretical side the major disagreements between molecular-orbital (MO) and 
valence-bond (VB) calculations are resolved if in the former, used with non- 
empirical ener^ terms, configurations are allowed to interact, and if in the latter 
some polar structures are added to the familiar non-polar ones. 

In the simplest cases of benzene and cyclobutadiene the efiect of configuration 
interaction is greatly to diminish the importance of polar structures from the 
large value associate with conventional MO wave functions. This brings the 
state wave functions, as well as the sequence of their energies, much nearer to 
those of VB theory. 

The general support given to the VB theory by its agreement in simple cases 
with a non-empirical theory allows some confidence in its use for more complex 
molecules. In 'acenes, polar structures being excluded, low-lying Ag and 
states ought to be calculable without serious error. Low-lying and 
states will only be so calculable when polar structures are included. The assign¬ 
ments in "acene spectra which these considerations support are set out and 
discussed. 


Comparisons between theory and experiment in the ultra-violet 
spectroscopy of aromatic molecules are severely limited because in very 
few cases is it possible to assert definitely that the experimental band system 
is that one to which the calculations refer. Indeed there is only a single 
assignment, that of singlet A^g — for the 2600 A benzene band, which 
stands firmly on an experimental basis, * although there are others to 
be mentioned supported by rather convincing but not yet conclusive 
evidence. We may for example identify a second benzene band system, 
the intense system at 1750 A, as A^g — on the ground that this is the 
only allowed transition within the ?r-electron shell starting from an 
state. These two assigimients in benzene, together with an assignment in 
naphthalene to be detailed later, form the more precise part of the ex¬ 
perimental basis for theories of w-electron states and no theory which fails 
to account for them, at least approximately, can be satisfactory. The 
numerous wavelength and intensity measurements of band systems of 
unknown assignment do not allow critical tests of such theories although 
they may give them some support if these two quantities can be correctly 
calculated. 

Two theoretical methods, one empirical and one non-empirical, appear 
at present to deal satisfactorily with the three assigned band s3rstems 
already mentioned. The intention of this paper is to discuss these two, 
and some aspects of the relation between them, and in the course of this 
to indicate the position and prospects from the theoretical point of view. 

1 Sponer, Nordheim, Teller and Sklar, J. Chem, Physics, 1939, 7, 207. 

* Ingold et al„ J, Chem, Soc., 1948, 406, et seq. 
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A general problem which prompts detailed study of cases snch as those 
discussed here is that of justifying simple ways for dealing with molecules 
too complex for direct non-empirical calculations. Broadly, it will be 
concluded that the agreement in simple cases between these two methods 
is enough to give considerable support to the empirical one in calculations 
of certain of the energy levels in complex molecules. 

1 , Benzene.—^The two theoretical methods whose performance is to 
be discussed are the empirical ^^ence-bond (VB) * method and the non- 
empirical method of interacting molecular-orbital configurations.®* ® An 
empirical method is one in which the results for a series of related molecules 
are expressed in terms of energy parameters. These are given values by 
equating calculated and experimental values in one or more band systems 
which are not themselves to be the subject of the theoretical study. The 
common practice has been to use the 2600 A benzene transition in this 
way and so to calculate the energies of other band systems in aromatic 
molecules relative to it. In non-empirical methods the terms appearing 
in the energy calculations are derived mathematically, the only experi¬ 
mental quantity taken for granted being the C—C intemuclear distance. 
Simplifying assumptions underlie both methods, but this fact needs no 
dets^ed repetition here being set out in the references already cited. 

In the non-empirical method the starting-point is a set of one-electron 
molecular orbitals formed by combining atomic orbitals situated at the 
carbon atoms. Molecular wave functions are formed by assigning the 
six electrons to these molecular orbitals and making the whole antisym¬ 
metric to electron interchange. No molecular orbital may appear more 
than twice in such a wave function but with this restriction it is still 
possible to place the electrons in 141 different ways, each of which is an 
electron configuration. The wave functions describing actual molecular 
states are linear combinations of configuration wave functions with co¬ 
efficients chosen to minimize the energy.® The implied variation problem 
is expressed in a secular equation whose roots are the approximate energy 
eigenvalues. The results are shown in the third column of Table I. 


TABLE I.— ^The Low-lying States of Benzene 


state 

Expt. 

j Energy (eV)» 

i Calc. (eV) (non- 
empurical)*,» 

Calc. (eV) 
(emp. 


0 

0 

0 


4-7 

2-0 

(4-7) 


6*2 


6-6 

"Si. 

— 

4*5 

7.9 


7-1 

6-3 

7.9 


A comparison with the experimental values shows adequate agreement on 
two essential points. Firstly, the lowest excited singlet state is correctly 
found to be ^8*. Secondly, an state is found in the expected energy 
region and the calculated ’ intensity of transitions leading to it (/ = o*8i) 
agmes tolerably well with the experimental (/= 0*69}.® Agreement of 
this general sort is as much as may be looked for in the non-empirical 
method, because three- and four-centre integrals, even if included, are 
somewhat inaccurate, and also because the ciculated energies come out 

* Huckel, Z. Physik, 1930. 70, 204. 

® Sklar, J. Chem. Physics, 1937, 5, 669. 

« Goqppert-Mayer and Sklar, ibid., 1938, 6, 645. 

® Craig, Proc. Roy. Soc. A, 1950, aoo, 474. 

^ Bevan and Craig (to be published). 

» Craig, Proc. Roy, Soc. A, 1950, 200, 401, 

• Elevens and Piatt, /. Chem. Physics, 1949, 17, 470. 
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as difEerences between much larger numbers. In the calculated levels of 
Table I there are two which fall between the Rgt* already referred 

to. The lower of these is an Eig state and this suggests that the band 
system at 2000 A is to be assigned This assignment is as¬ 

sumed in Table I but it is not yet supported by experimental evidence. 

The right-hand column of Table I gives values calculated by the em¬ 
pirical VB method, based on the 5 nonpolar structures and 24 of the polar 
structures. The bracketed value for is assumed in the course of the 
calculation and hence afiords no test of the theory. An Ei„ state is found 
in the correct energy region and the calculated intensity for transitions 
leading to it is / = 0*22 (expt. 0-69). The small calculated value is due 
to the neglect of polar structures with charges on remote atoms, which 
contribute very strongly to the transition moment even though energeti¬ 
cally not so important. Using this method as a guide to the assignment 
of the band system at 2000 A we again conclude that it is Aig — Eza- 

It is unlikely that band s^^tems in the far ultra-xdolet beyond 1750 A 
are to be understood as transitions between ir-electron states, and the 
present discussion therefore embraces only three band systems. As has 
been explained two of these are assigned independently of detailed theo¬ 
retical considerations as A-^g — Ran and Aig — E^^ and the third system, 
at 2000 A, is assigned as A^g — E^g from two independent theoretical 
methods. 

In the triplet series there is qualitative agreement between the em¬ 
pirical and non-empirical methods that the lowest and j&rst excited triplet 
states are and These wiU not, however, be discussed in detail 

because the states have not yet been finally identified experimentally. 

2 . Configuration Interaction and the "Role of Structures.—^The pur¬ 
pose of the next few paragraphs is to compare the two methods and to 
demonstrate that the agreement between their results reflects a strong 
similarity, which is not at once obvious, in the character of the wave 
functions used to describe molecular states. 

VB structures may be classified into nonpolar and polar structures. 
Nonpolar structures assign one 7r-electron to each atomic 2p orbital; 
they alone are used in the method in its simplest form. Polar structures 
have doubly occupied and unoccupied orbitals as illustrated below for 
cyclobutadiene, and a refinement to the VB method is to include some of 
these in the description of molecular states. In highly symmetrical 



Nonpolar structure. Polar structure Polar structure 

(singly charged) (doubly charged) 

Fig. I. 

molecules this classification is associated with a distinction of symmetry. 
Thus in benzene the familiar five nonpolar structures are capable of being 
combined to give molecular wave functions of only three out of the possible 
six different sjunmetry types, viz., Aig, and E^g- The others, Atg> 
and can therefore be represented in VB theory only by combinations 
of polar structures. This distinction is one of energy as well as of sym¬ 
metry since the assumptions of the method make the states admitting 
nonpolar structures come out to be more stable than the others. This 
simply means that within the framework of VB theory it is energetically 
very unfavourable to place two ^-electrons on the one atomic centre, as 
required in a polar structure. In MO theory the formally analogous dis¬ 
tinction is between symmetries which do and do not arise in a chosen 
configuration, and it is easily verified that the symmetries which group 
together naturally in this scheme are not the same as those in the VB 
theory. However, when the MO configurations are allowed to interact 
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and so to effect energetically favourable changes in the composition of 
the wave functions, we at once notice that it is the states with symmetries 
compatible with nonpolar structures which are the most reduced in energy 
and which, finally, become lowest of all. This suggests that the pre¬ 
dominance of nonpolar structures taken for granted in the empirical theory 
is supported by the non-empirical one. 

Two aspects of this situation may be illustrated in benzene and cyclo¬ 
butadiene both of which allow the necessary clear distinction between 
the symmetry types wdth respect to nonpolar structures. The first aspect 
is, that, of the states which arise in a chosen configuration, those for w-hich 
nonpolar structures may be written are the most changed by configuration 
interaction, and the second is that, after configuration interaction has been 
allowed for, states of these symmetries are the lowest of their multiplicity. 
Table II illustrates the first point. 

TABLE II. —Energy Ch.\nges (in eV) in 
Configurational Interaction 



States Compat¬ 
ible with Non¬ 
polar Structures 

others 

(a) Benzene.’ 
Ki,, 

4*4 


**5.« 

6*1 

— 


5*9 

— 

"-El. 

— 

4*9 


— 

4*1 


— 



1*2 

— 

t»£i. 


— 


— 

0*1 

{b) Cyclobutadiene.^® 



3*3 

— 


2-4 




0*1 


1*6 

— 

t*£. 

4*0 

— 



2-8 


Results for the triplet states of benzene are based on configurations within a 
lo eV range only as in ref. (6). Otherwise all the important configurations are 
used. 

States similarly marked in Table II by stars or daggers occur in the same 
MO configuration. Those admitting nonpolar arrangements of the electrons 
are more, and usually much more, depressed in energy than the others amd 
this must surely be due to the more complete separation of the electrons 
that such arrangements allow. This interpretation also fits the differences 
in Table II between singlet and triplet states. A triplet state implies 
two electrons with parallel spins and these two can never be found on the 
same atomic centre. Thus the separation of electrons is already partly 
achieved by the spin symmetry even in an MO wave function, and the 
further effect possible by configuration interaction is less than in singlet 
states. Specifically, a given triplet is less depressed than the correspond¬ 
ing singlet. Thus »B*„ < ^Bj*, < ^Aj^g. In two cases, 

Bi* of benzene and of cyclobutadiene, this effect and that connected 
with structure type axe in opposition and no definite interpretation is 
possible. 

*t States similarly marked by stars or daggers arise in the same configuration. 
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The second point, that after configuration interaction is allowed for 
in the non-empirical theory the lowest states are those compatible with 
nonpolar structures, is illustrated for benzene in Table I. It will be noticed 
that the three lowest states are of this type. In cyclobutadiene. Table III, 
the four lowest states are those for which nonpolar structures may be 
written. 


TABLE III.— ^The States of Cyclobutadiene in the 
Non-empirical Theory 



0 eV 


10-8 eV 


0-7 

’5., 

11-4 


2*3 

*‘S„ 

11*8 


3.6 


14*9 


57 


15*3 


For the next stage of the comparison a more precise statement is needed 
of the relationship between the wave functions used in the two theories. 
It is the case, as Longuet-Higgins first pointed out, that a complete set 
of antisymmetric LCAO molecular orbital configuration wave functions 
as used in the non-empirical theory, and a complete set of VB structures 
properly mathematically expressed, are equivalent bases for representing 
molecular states. This means that a wave function expressed in one basis 
may be transformed into the other provided only that both are simply 
built up from the same set of atomic orbitals, as they are in practici 
cases. The fundamental elements in the one basis are MO configuration 
wave functions with proj^r space and spin symmetry and in the other are 
antis3rmmetric combinations of atomic orbital products conventionally 
represented as valence-bonded structures. In both cases it is practicable 
in small molecules to work with complete sets of the fundamental elements, 
and if energies were calculated in the same way in each, the results would 
be identical; but for calculations in large molecules it is convenient in 
both theories to work only with a very few such elements. Thus in the one 
case the aim is to use a single configuration in molecular orbitals and in the 
other to use a single configuration in atomic orbitals. The energetic 
circumstance that the lowest MO configuration is closed (all orbitals, or 
all but one, doubly filled) but the lowest atomic orbital one is multiple 
degenerate, makes the difference that the first contributes a single element 
to its basis while the second contributes a number, viz., all the structures 
of a given polar character. But the restriction is the same, in an exact 
sense, in both cases. A comparison of the wave functions under the 
restriction is, very nearly, a comparison between those of the simple MO 
theory'^ and the nonpolar VB theory, and this is familiar ground. It is 
well known that there is a striking difference in the importance these 
theories associate with accumulations of charge about a single centre. 
Now it is already clear, from the improved agreement between the results 
of the calculations, that abandoning single configurations greatly diminishes 
this difference, and this may be illustrated more directly by examining 
the wave function for a particular state. We choose for this the lowest 
state of cyclobutadiene which belongs to the representation. 

The starting point in the non-empirical theory is the set of four LCAO 
molecular orbitals, written as follows : a, h, c and d are atomic zp wave 
functions and the as are normalizing coefficients : 

^0 = + d), 

^±1 = iJcTiia ± ib — c id), 

— h -{• c — d). 

10 Craig, Pfoc, Roy, Soc. (in press). 

* Only the lowest state of each symmetry type is shown. States marked 
with a star are compatible with nonpolar structures. 

^ Longuet-Higgins, Proc. Physic, Soc„ 1948, 60, 270. 

A* 
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In conventional MO theory we should represent the lowest state as having 
two ir^lectrons in o ^nd the remaining two in ^ or This configuration 
is denoted by (^o)® (^±i)®* But two other configurations (^o)(^i)(<^-i)(^2) 
and (^±i)®(^2)® siso admit symmetiy’' and the essence of the confi^ration 

interaction procedure is to represent the actual state as a mixture of all 
three. The starting points in the empirical theory are the structures com¬ 
patible with S3rmmetry. Examples of the three t3rpes arc sho^vn in 
Fig. I and the complete set ma3^ be found by rotating and reflecting until 
the possibilities are used up. Two nonpolar, 8 singly-charged polar 
and 4 doubh^-charged polar structures make the complete set. By a 
straightforv\'ard expansion the configuration wave functions of the first 
basis can be expressed in terms of the structures of the second, with the 
results shown in Table IV. 

The upper numbers in Table IV are the coefi&cients wuth which the struc¬ 
tures entei the configuration wave functions. The total contributions by 
structures of the various types are best measured by their “ weights ” 
w'hich are found from the squares of these coefi&cients, due account bemg 
taken of the nonorthogonality of the nonpolar structures. These weights 
nonnahzed to loo %, are the bracketed numbers in Table IV. We see 


TABLE IV. —Coefficients of Structures in B^g Configurations 
OF Cyclobutadiene 


CoBfigaration 

Non-polaz 

Structuies 

Smgly-chargcd 
Polar Structures 

Doubly-Charged 
Polar stnictrires 

- . 


4V2 

4 

2V2 

(37-5 %) 

(50 %) 

(12.5 %) 

Wo)(W(^i)W 


0 

p/y,? 

(25 %) 

— 

(75 %) 


— 4Va 

4 

~2V2 

{37-5 %) 

(50 %) 

1 («-5 %) 

Energy-minimized mixture 
ot configurations . 

88% 

11% 

1% 


that in the simple MO theory, where the first configuration alone is taken 
to be the state, the wave function is 37-5 % nonpolar while in the simple 
VB theory it is 100 % nonpolar. Now it is necessary to know how the 
configurations are combined in the non-empirical theory to give the state 
of lowest energy. If the first configuration has the cocfi&cicnt unity it is 
found that the second must have — 0*329 and the third — 0*145 ** 
referring to Table TV this means that to get the actual state the first 
configuration hais to be moedfied by subtracting from it small fractions of 
the second and third. The efiEect of this will clearly be to increase the 
wreight of nonpolar structures at the expense of polar ones. An actual 
calculation, in which the normalizing coefi&cients cr must enter as vrell as 
the coefi&cients of Table IV, shows that in the state wave function the 
weight of nonpolar structures has been increased to 88 %, singly-charged 
polar structures have been reduced to ii % and doubly-charged polar 
structures have been almost entirely eliminated. The non-empirical 
wave fimction is thus seen to be dominated by nonpolar structures, and 
this fawjt supports the assumption underlying the empirical method. It 
is tempting therefore to say that the assumption brings the latter method 
close to physical reality. 

This line of argument may be taken one stage further. With properly 
chosen coefi&cients the configurations may be combined to eliminate all 

iia Whelaad, Proc. Roy. Soc. A, 1938, 164, 464. 
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polar structures, making the wave function wholly nonpolar. This wave 
function though formally expressed in MO terms, is the wave function for 
the two Kekul6 structures of cyclobutadiene, and so it is the same, except 
trivially,* as the simple VB wave function. The energy of the wave 
function with coefficients so chosen can be calculated. It proves to be 
0*9 eV less stable than the energy-minimized wave function but 1*5 eV 
more stable than the lowest MO configuration wave function. In other 
words, the nonpolar wave function is considerably more stable than any 
single configuration wave function and 0*9 eV less stable than the best 
wave function that can be formed from atomic 2p orbitals. 

The conclusions from this section are that, in benzene, the non-empirical 
and VB methods are substantially in agreement for the low states. This 
agreement depends strongly on the infusion of configuration interaction 
in the non-empirical method, and somewhat less strongly on the inclusion 
in the empirical method of some polar structures. The fact that in both 
methods the low states of benzene, and also of cyclobutadiene, are just 
those for w’hich nonpolar structures may be written reflects that nonpolar 
structures play the dominating part, and suggests that the VB theory in 
its simple form is likely to be correct in at least the lowest states of more 
complex molecules. 

3. Naphthalene.—^In naphthalene there is no assignment so well 
founded experimentally as either of those referred to in benzene at the 
beginning of this paper. But a very good indication toward one assign¬ 
ment exists in the discovery by Ka^a and Nauman that the weak 
naphthalene band system at 3200 A records a distinct electronic transition, 
and that its upper state is so long-lived as to indicate strongly that the 
transition is symmetry forbidden. Since the ground state is A ^ the upper 
state can be .4 ^ or if this indication is correct, but beyond this the 
experimental material does not yet go. 

Granted this, the theoretical calculations allow a dear choice between 
the two possibilities and so allow an assignment to be made. 

The numerical work in theoretical calculations increases manyfold in 
going from benzene to naphthalene and the calculations so far reported 
use only a very small part of the basis of configuration wave functions, or 
structures, as the case may be. A non-empirical calculation by Miss 
Jacobs 1® shows that the forbidden transition is .^4^, -- A „ but does 

not make this the lowest of all the transitions in the approximation to which 
the calculation is taken. It is necessary therefore to assume the forbidden 
character in order to deduce the assignment from this calculation. The VB 
theory^i**!® however, even without polar structures, does find the first 
excited state to be M ^ and so directly favours the same assignment without 
a similar assumption; the lowest B^g state is 4 eV in energy above this 
first excited Ag state. Some considerable weight thus attaches to the 
assignment ^Ag ^Ag for the 3200 A naphthalene band system. 

In the remaining ultra-violet systems of naphthalene at 2900 A and 
2200 A a key experimental fact is wanting. Ihis is the polarization of 
the transitions, i.e. the direction of the active electric vector relative to the 
molecular axes. The twofold symmetry (Table V) of the *acenes admits 
two allowed transitions, Ag — (transverse polarization) and Ag~- B** 
(longitudinal polarization). It is no longer possible to appeal to agreement 
between the theories to assign the shorter wavelength band systems to 
one or other of these allowed transitions because agreement is lacking at 
the stage to which the calculations have been taken. We shall therefore 
simply mention the results in the two theories and leave some more general 

♦ The only difference is that the overlap integral is neglected in the VB 
theory. 

Kasha and Nauman, /. Chem, Physics^ 1949, J7* 516. 

Jacobs, Proc. PJ^&ic. Soc., 1949, 710. 

Blumenfeld, /. Physic. Chem. Soc. 1947, 3^9* 

“ Craig, Proc. Int. Congr. Chem. (London, X9^}. 
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considerations which allow a tentative choice between them to the next 
section. According to the VB theor}* including some polar structures the 
2900 A band S3^stem is to be assigned Ag — -Ssu. polarized in the direction 
of the longer molecular axis. The intense band at 2200 A is Ag — 
and polarized along the shorter axis. In the configuration interaction 
calculation howe\'er the intense band is expected to be longitudinally 
polarized while for the 2900 A system the calculations do not allow a clear 
assignment to be made. 


TABLE V. —Symmetry Group 



E 

C*» 


CgBi 


1 

1 

I 

1 

Bx 

I 

I 

—I 

— I 

Bt 

1 

— I 

I 

—I 


I 

— I 

—I 

Z 


The z axis is perpendicular to the molecular plane. The x axis is in the 
direction of the longer molecular extension. 


4- Polynuclear Hydrocarbons.—In neither anthracene nor phenan- 
threne is there experimental evidence leading to spectral assignments ; 
nor have non'empirical calculations of any kind been reported. Even 
empirical calculations, to be manageable, have to be restricted to small 
sets of basic structures. Here the uncertainty mentioned earlier whether 
the calculations refer to the same transitions as the experimental band 
systems with which they are compared arises in its typical form. This 
doubt admitted, there are two features of the comparison between experi¬ 
ment and theory which must be mentioned. In the spectrum of phenan- 
threne and other angular hydrocarbons there is a very weak band 
system at long wavelengths (3400 A in phenanthrene) which may plausibly 
be associated with a VB calculated transition A^ — Ai of the symmetry 
group Ca«. Also, in these larger molecules, VB calculations of a quite 
simple sort give an apparently consistent account of the wavelengths 
of absorption at the long wravelength end of the spectrum and this, on the 
one hand, supports the claim of the VB theory to be correct in its description 
of these states and, on the other, indicates the assignment Ag — Bg* for 
the long wavelength allowed transitions. 

A surer indication, however, of which states in polynuclear hy’-drocarbons 
are likely to be low-lying may be found by relating them through their 
symmetry to the states of b^izene discussed in § 2, The symmetry re¬ 
lations between the assigned transitions in benzene and those of the higher 
homologues may be found as follows. The group to 'which the 
'acenes belong (and equally group for phenanthrene) are subgroups 
of the benzene An irreducible representation of the latter is also a 
representation of the former, though in general a reducible one. The 
foUo'wing relations exist between and X>.,: 


R^iesentation jConespoading J)^ Representatioii 



A, 

■®Si» 

B^ 


Ag and 


B^ 


B^g^ and •Bgn 


Craig, Nature, 1946, 158, 235. 

w Sponer and Nordheim, ONR Contract N6on-io7, T.O.i (1st June, 1048). 
“ Bdrstor, Z. physik, Chem. B, 1938, 41, 287. 
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The states of benzene may* now be labelled according to the representations 
of Daft. In effect this is as if benzene were the natural first member of 
the 'acene series. The upward sequence of energy levels now reads (i) A 
^ound, (ii) (from of Pa*), (iii) Ag and Big (degenerate, from E^g), 
(iv) B^u and B^^ (degenerate, from To carry the argument on de¬ 

mands an appeal to the physical similarity between benzene and the 
'acenes. But it must appear at the least very likely that in the *acenes 
the lowest state (deriving from the first excited state of benzene) will 
fall below the lowest (deriving from the third excited state). It is 
thus likely that the first allowed band systems in 'acenes are to be assigned 
Ag ^ B^u, polarized longitudinally. This conclusion agrees with, but 
is derived independently of, that from actual VB calculations mentioned 
earlier in this section. 

The degeneracies noted above arising from the sixfold symmetry of 
benzene are split if the hexagon is distorted. This could be done by 
bringing to single bond distance two atoms para to one another making an 
imaginary molecule which physically as well as by its S3nnmetry is the 
precursor of the 'acene series. The effect of the splitting is to make the 
Ag component of (iii), which arises from the Egg state of benzene, more 
stable than the Big component. But the Bjn level (ii), which is nonde¬ 
generate even in the regular hexagon, is less affected. Thus the low 
excited states in the distorted model are Ag and B^^, In actual 'acenes, 
by analogy, these two symmetries but not Big or Bg^ are expected as low- 
l3^g states. These considerations, supported by the VB calculations 
already referred to, suggest the following assignments for the lower 
transitions in some 'acenes. 


Molecule 

Expedmental 
Absorptiott* (csou-i) 

Proposed Assignmeut 

Naphthalene (see §3) 



32000 

A,-A, 




34^00 

Ag^Bg^ 




45400 

Ag J?jj„ 

Anthracene 

. 

. 

26400 

Ag~-“Bg^ 




39000 

Ag—Bggi 

Naphthacene . 



21X00 

Ag'—^Bgfg 




36700 

Ag-B^U 

Pentacene 

. 

• 

I7IOO 

Ag'^Bgg^ 




24000 

Ag — A g 




32300 

Ag Bg^ 


The Ag Ag band systems in anthracene and naphthacene are presumably 
hidden by the more intense Ag'—Bg^ systems, as suggested by Sponer 
and Nordheim.” 

This paper may well conclude with a comment on the practical question 
that arises in energy level calculations by empirical methods. The work 
of § 2 and § 3 may be taken as general support for the physical basis of the 
VB method in excited states. But the method cannot be equally reliable 
for all states even though in polynuclear hydrocarbons all are compatible 
with nonpolar structures. It is relevant that ^although aU three A-^g, 
B^ and Egg of benzene are compatible with nonpolar structures, the most 
stable, Kekul6 structures, appear only in the first two and it is found that 
these two alone can be calculated reasonably accurately when polar struc¬ 
tures are neglected in the VB method. Likewise in 'acenes the two cor¬ 
responding symmetries Ag and Bg^^ alone may be constructed from Kek^6 
structures and we must expect that only states of these two symmetries 
will be at all reliable calculable by the VB theory in its purely nonpolar 
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form. Just as for and of benzene so for Big and Bi^ of 'acenes it 
will be essential to indude polar structures. 

The writer acknowledges the award by the University of London of 
a Turner and Newall Research Fellowship tenable at University College. 
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CHARACTERIZATION OF ELECTRONIC TRAN¬ 
SITIONS IN COMPLEX MOLECULES 


By Michael Kasha *t 
Received ^rd July, 1950 

A summary is given of the types of conclusions which may be drawn from 
a study of the emission properties of complex molecules under optical excitation 
in suitable systems. The types of radiationless transitions in complex mole¬ 
cules are discussed, and a resultant spectroscopic criterion stated : The emitting 
level of a given multiplicity is the lowest excited level of that multiplicity. Inter¬ 
combinations in complex molecules are described, and their importance is shown 
to £^e from the high probability of the excitation of triplet states —a con¬ 
clusion which runs counter to the trend of spectroscopic thought of a few years 
ago. An atomic number criterion is stated (after McClure) which permite the 
identification of intefcombinations by a study of intensity of the transition with 
heavy^ atom substitutions in a Comdex molecule. Finally, a listing of empirical 
criteria is made which permits a distinction between pure ^r-electron transitions 
(ir ->• w*) and transitions involving excitation of non-bonding N, O, and S atom 
dectrons to anti-bonding^ tt molecular orbitals (n ->• w*). The most definitive 
of these criteria is the disappearance of n n* transitions in acid media. An 
unusual enhancement of the spin-orbit coupling process for nrr* transitions 
is reported and a possible interpretation is given. 


Much useful information concerning the electronic states of complex 
molecules can be gained from a study of the emission properties of such 
molecules under optical excitation. In particular cases it may be 
nectary to study lie molecule in rigid glass solutions at the temperature 
of liquid nitrogen in order to observe its light emission properties. How¬ 
ever, since there is hardly a case in which light emission can not be ob¬ 
served with a moderate quantum efficiency, the method of emission 
spectroscopy can be applied almost universally. The information derived 
from such studies forms an essential supplement to that obtained from 
absorption spectra in the vacuum ultra-violet, high resolution spectra of 
vapours,^ and absorption spectra of solutions. In a series of forthcoming 
publications by the writer a detailed study of emission spectroscopy of 
complex molecules is reported. ^ The present paper summarizes the 
type of information revealed by such investigations. 

Rac^rionless Transitions in Complex Molecules,—Two basic types 
^ radiationless transitions are observed in most complex molecules. 
These are merely defined here, a full discussion and references being given 
elsewhere.!*. 


* U.S. Atomic Bnergy Ck)iiimissioii Research Fdlow. 

t Present addins : Bepartmeiit of Chemistry^ The University, Manchester, 
Ragland. 


Ennsmon Spectroscopy of Complex Molecules, M. Kasha, to be published soon, 
(a) Rations between Lifetime and Quantum Yield. 

(fr) Internal Conversion of Electronic Energy. 

(c) Inteisystem Crossing of Potential Surfaces. 
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Internal Conversion may be defined as the rapid radiationless 
combination of excited electronic states of like multiplicity (combination 
in the spectroscopic sense of undergoing transition between). In general, 
internal conversion to the ground state does not occur with a high proba¬ 
bility, although in certain t3rpes of molecules the latter process is sig¬ 
nificant and diminishes the tot^ intrinsic quantum yield of luminescence. 
The phenomenon of internal conversion is manifested by the appearance 
of a unique luminescence, regardless of which state of a given midtiplicity 
is excited. It yields a most useful spectroscopic criterion : The emitting 
electronic level of a given multiplicity is the lowest excited level of that 
multiplicity. 

An important recent application of this criterion is the re-assignment 
by ShuH * of Sklar's lowest calculated triplet -level of benzene to the 
emitting triplet level; Sklar arbitrarily has assigned the observed triplet 
level to one of the higher calculated levels. 

Intersystem Crossing is the spin-orbit-coupling-dependent internal 
conversion. In most cases this is the radiationless transition from the 
lowest excited singlet level to the lowest triplet level of the molecule. 
Analogous to radiative transitions involving w-electrons (e.g. in aromatic 
hydrocarbon molecules), a prohibition factor of about lo* distinguishes 
inter-system crossing from internal conversion. Moreover, since spin- 
orbit coupling forces are involved, the introduction of heavy (i.e. high 
atomic number) and paramagnetic ® atoms into the molecule will strongly 
increase the probabihty of the transition, as will strong external electric 
and magnetic fields. Despite the large prohibition factor, however, inter¬ 
system crossing is a rather probable process in most molecules. In fact, 
although usually observed only very weakly as a direct absorption from 
the ground (assumed singlet) state, the lowest triplet state is readily excited 
to emission (under conditions of low quenching, viz., rigid glass solutions). 
Thus, the lowest triplet state has been located in several hundred complex 
molecules through a study of their phosphorescence spectra.** ^ 

The facile excitation of the lowest triplet state (by light absorption 
to the lowest excited singlet state) is really a consequence of the very 
high rate of internal conversion (e.g. between singlet states). The follow¬ 
ing analysis of the rates involved may help to make this clear. 

A molecule is excited optically to its «th excited singlet state, S*». 
Under steady excitation a spectrum is photographed in search for the 

spontaneous _emission (this has not been observed thus far in the 

cases studied). The ratio of the rate constant (reciprocal “ lifetime ") 
for the spontaneous luminescence to the rate constant for the 

radiationless S* S' internal conversion is given by the intensity ratio 


hio 


< io~* 


since the intensity of the fluorescence S' S indicates the number of 
internal conversions. Numerous observations of this sort have placed 
the upper limit at the value indicated. 

Thus, the internal conversion process takes place at least lo* times 

as fast as the spontaneous S** ->■_emission. The intrinsic lifetime of 

the latter can be calculated from the integrated absorption of the band 
corresponding to the S* S absorption; we shall assume this to be 


{d) TT- and »-electron Transitions in N-heterocydics (with C. Reid). 

[e) «-Electron Transitions in Molecules Containing — Y = X: Groups. 
(/) Internal Conversion to the Ground State, 

(g) Summation of the Quantum Yield. 

* Shull, J, Chem, Physics, 1949, 17, 295. 

* Yuster and Weissman, ibid*, 1949, 17,1182. 

* Lewis and Kadia, /. Amer, Ch^, Soc., 1944, 66, 2100. 

® Nauman, Thesis (University of California, Berkeley, 1947)* 
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io~’ sec., a value conunonly found for intense u.-v. absorptions. Then 
the reciprocal rate of the internal conversion process is 

ilkjc < 10“^ . I 'Ajr < lo-i® sec. 

The natural limit on the rate of internal conversion may well be the tmie 
of a vibrational period; shorter estimates are actually obtained from 
spectroscopic data in some cases. As a consequence of the very high rate 
it is to be expected that “ internally converting levels '' will be somewhat 
broadened m a band width relative to the band width of the “ fluorescing 
level ** with a natural lifetime of lo-^ to io“* sec. In other words, the 
lowest absorption band of a given multiplicity manifold will be better 
vibrationally resolved than the higher energy bands of the same manifold 
(e.g. singlet-smglet transitions). 

For mtersystem crossing we apply an arbitrary prohibition factor of 
lo®, giving an intersystem crossing reciprocal rate 

< io« . i/^7c < 


The probability of intersystem crossing in a molecule is measured by 
the intersystem crossing ratio x* which is defined as the ratio of quantum 
yields of phosphorescence to fluorescence under steady simultaneous 
excitation 


X 


__ ^IS 
kp 


lo’ 

lO* 


= o-i. 


A fluorescence lifetime of 10“* sec. is arbitrarily assumed here for 
illustration. The actual observed values of x are of the order of magnitude 
of I for molecules with w-electron energy levels, indicating that the 
general assumptions made in the rate ansdyses are approximately correct. 

Intercombinations In Complex Molecules.—Having observed the 
long-lived luminescence corresponding to the triplet-singlet emission of 
the molecule, we can locate the converse singlet-triplet absorption band 
with confidence. (If there are two luminescences, the long-lived one 
is naturally identi^ble as the intercombination process. However, if 
only a single luminescence is observed, even under conditions of minimum 
quenching, the criteria to be described below must be applied.) 

The intensity (integrated absorption) of the converse absorption band 
may be calculated from the measured lifetime of the luminescence by the 
wefl-knowm expression •» ’ 



_^ §if ^ 


From the integrated absorption and an assumed band width for the type 
of transition in question, the peah molar absorption coefiScient can be 
estimated. Using the latter and the frequency of the o, o-band of the 
phosphorescence emission spectrum, the singlet-triplet absorption can be 
found.’ Since this is usually about 10® times weaker than the normal 
singlet-singlet transitions, rather long optical paths must be used, or 
else concentmted solutions or even the pure liquid (or solid) substance 
mu^ be studied. Under these conditions absorption of light by an impurity 
easily could be m is int erpreted as a forbidden electronic transition, were 
it not for the double check of correspondence wdth the o, o-band of the 
emission spectrum, and writh the integrated absorption intensity calculated 
from the* mean Hfetime of the emission process. 

To identify spectroscopically the long-lived luminescence and converse 
absorption ban(& as intercombinations, use is made of the characttu- 
istics of the spin-orbit coupling process. As is known from the theory of 


• I-adenburg, Verh, disk, physik, Ges,, 1914, 16, 769; Z. Physik, 1921, 4, 
451* Tohnan, Physic, Rev., 1924, 23, 693. Perrin, J, Physique Rad,, 1926, 7, 
90 ; Ann, physique, 1929, la, 169. 

’ Cf. Lewis and Kasha, J, Amer, Chem- Soc,, 1945, 67, 994, 
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atomic spectra, the probability of spin-orbit coupling increases rapidly 
with increasing atomic number of the atom. This principle has not been 
applied generally in molecular spectroscopy, although it is well known 
that, e.g. in the halogen series of molecules, the probability of the singlet- 
triplet transition in the visible region increases greatly in intensity in 
the order Clj, Brj, la. 

McClure 8 made the valuable extension of this principle to heavy-atom 
substituted complex molecules, showing that like the (radiationless) 
intersystem crossing process,^* the radiative intercombination process 
likewise increases rapidly in probability with increasing atomic number 
of the substituent. Thus, the rate constant for phosphorescence kp = i/td 
as well as the oscillator strength / (or the integrated absorption, Jcdv) 
increase rapidly with increasing atomic number. This is shown clearly 
in Fig. I, which is a plot of McClure’s data for the monohalo-benzenes 



Fig. I. —^The efEect of atomic number on intercombinations in the spectra of 
substituted complex molecules. 

and naphthalenes. The solid line indicates the probability of the 
triplet-singlet emission process measured as the phosphorescence lifetime. 
The dotted lines show how one of the singlet-singlet transitions behaves 
for the same series of halo-derivatives. (The increase in f for bromo- 
benzene and especially iodobenzene is probably due to the approach of 
the non-bonding halogen transition to the benzene 2600 A absorption; 
the dotted line is arbitrarily drawn downward to suggest the correction 
required.) Obviously the atomic number is the wrong parameter against 
which to plot the probability of singlet-singlet transitions; some other 
property of the halogen substituent would give a more rational dependence.* 
The atomic number effect is particularly valuable for the identificati^ 
of intercombinations because the frequency of the transition changes only 

* McQure, /. Chem, Physics, 1949, 17, 905. 

*Matseu {Symposium on Molecular Structure and Spectroscopy, Ohio State 
University, Columbus, Ohio, 13th June, 1950) has presented a mclecite orbital 
treatment of the problem which explains ihe anoinalous /-values of the 2600 A 
transition gf the halo*benzenes in terms of an inductive effect. 
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slightly while the intensity changes by a large factor (e.g. the factor is 
looo for the lowest singlet-triplet of the mono-iodonaphthalenes com¬ 
pared with naphthalene). 

Armed with this increased knowledge on the nature of intercombin¬ 
ations in complex molecules, great progress in this branch of molecular 
spectroscopy may be anticipated. 

-jc and n -y it* Transitions—study of the emission spectral 

properties of the jV-heterocyclics, which the writer has earned out to¬ 
gether with Dr. C. Reid,i^ has indicated the optical similarities of some of 
these molecules to such molecules as carbonyl, nitro, and nitroso com¬ 
pounds. In, e.g., the carbonyl compounds, the lowest singlet-singlet 
transition has been characterized tentatively as a transition corresponding 
to the excitation of a (nearly) non-bonding (oxygen) electron to an anti¬ 
bonding fl- molecular orbital, We have obtained definite physical 
evidence for this interpretation and have found analogous transitions 
(involving the non-bonding nitrogen electrons) in various iV'-heterocyclics 
(e.g. pyridine, pyrazine, phenazine). For convenience we designate non¬ 
bonding electrons as w-electrons, and the corresponding transitions as 
n n* transitions. These transitions are characterized by remarkably 
difierent properties in comparison with rr -> ^r* transitions as shown, 
e.g., by the spectra of the aromatic hydrocarbons. A summary of dis¬ 
tinguishing empirical criteria is offered. 

Vibrational Band Width (Vapour Spectrum). —tt v* transi¬ 
tions : moderately broad, owing to unresolved rotational structure. 
H -TT* transitions: atomic in sharpness, a fact commented upon 
by numerous observers. This seems to be due to the weakness of the 
P and R rotational branches, the strong Q branch predominating. 

Vibrational Band Width (Solutions).— n ir* transitions : vibra¬ 

tional fine structure preserved (e.g. the 2600 A band of benzene). 
transitions: very blurred, usually only slight vibrational structure re¬ 
mains, even in hydrocarbon solvents. This is all the more striking in 
view of the sharpness of the vapour absorption lines. Probably it is a 
characteristic of the non-bonding orbitals which leads to an unusual 
perturbation in solutions. In hydroxylic and other solvents, vibrational 
structure is completely blurred. Complex formation, probably involving 
hydrogen bonding in most cases, occurs and changes the non-bonding 
character of the orbitals. 

Acidic Solvents. —w -> tt* transitions : the transition is preserved, 
although some blurring of fine structure occurs ,* usually there is little 
change in intensity, w w* transitions : the transition “ disappears ** 
(moves to very hi^ energies). Addition of a proton to the non-bonding 
pak of the hetero-atom greatly increases the binding energy of the ** lone 
pair This behaviour offers the clearest proof of the excitation of non¬ 
bonding electrons in such molecules. 

Vibrational Envelope. — ir* transitions ; complex vibrational 
envelope, many normal vibrations excited, n 'n* transitions : usually 
a unique vvib. excited; this can probably be explained in terms of the 
localized character of the non-bonding dectron orbital. 

Ratio of Transition Probabilities, PnZ-Psi (singlet-singlet against 
singlet-triplet )-—w transitions: the oscillator strength ratio 

fnifzi ~ for tbe radiative process. For the radiationless process 
c:£ I, which implies an equal probability of transition to the lowest 
triplet (and consequent triplet-singlet emission) and of spontanteous 
ringlet-singlet emisrion. 

■ For transitions fuff and Op[ 4 >p> 1000. Here is 

evidence for a striking increase in the probability of the spin-orbit coupliiig 
process in such tiransitions. The increase by a factor 100 to 1000 is much 

ro Miuiiiken, /. Chem, Physics, I935t 3 * 564. McMurry and MuUiken, Proc, 
Nat, Acad, Sci., 1940,26,312, McMurry, J, Chem, Physics, 1941,9,231 and 241, 
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more than can be accounted for by an increase in atomic number in going 
from C to N to O. It is to be noted that the property here means 

that fluorescence is scarcely to be observed in these molecules (some 
iV-heterocyolics, all carbonyl, thiocarbonyl, nitro, nitroso, azo compounds) : 
the “ forbidden ** conversion to the triplet state is essentially complete. 

A possible interpretation of the greatly enhanced spin-orbit coupling 
for w w* transitions is that 5^-hybridization which is present or can 
be plausibly introduced into non-bonding orbitals brings the optical 
electron much closer to the nucleus than in the case of an electron in a 
ff-orbital; the spin-orbit coupling process occurs near the electric field 
of the nucleus of an atom. There are difficulties in this interpretation, 
which, however, must be resolved by theoretical computations. 

Department of Physics, 

University of Chicago. 


DISCUSSION OF THE LOWEST SINGLET 
TRANSITION IN NAPHTHALENE AS A 
FORBIDDEN TRANSITION 
AND REMARKS ON THE HIGHER 
SINGLET LEVELS* 


By H. Sponer and (the late) Gertrud P. Nordheim 
Received i 8 th July, 1950 

The absorption system of naphthalene at 3200-2900 A is interpreted as 
transition. The infra-red active vibration of 568 cm,-^ is tentatively 
suggested as vibration that makes the forbidden transition allowed in second 
order. In making this analysis, experimental data on absorption and fluor¬ 
escence in the different states of aggregation of naphthalene and new results 
obtained for heavy naphthalene were used. The o—o band of the next higher 
absorption system at 2900-2500 A is located at 35910 cm.-^ and of the third 
absorption system at about 45100 cm.-^, both for the vapour. A brief com¬ 
parison with theoretical results is given. 


The near ultra-violet absorption of naphthalene has been studied in 
the vapour phase, * in liquid ** » and in rigid gl^s solutions/ and in the 
solid state ® (crystal at 20® K). The spectrum consists of two absorption 
regions lying fairly close together. The long wave part ranging from about 
3200-2900 A shows in the vapour sharp narrow bands, whereas the bands 
from 2900-2500 A are broad and diffuse. Moreover, the pattern in wMch 
the bands appear is different in the two regions. The measurements in 
liquid solution give an average extinction coefidcient c of 200-300 for the 
first region and of 5000-6000 for the second region. Ftirtheimore, at 
2200 A a very strong and broad band with little indication of structure 
was observed *• • with e ^ 100,000. The absorption spectrum of the solid 

* This research -was supported by the Office of Naval Research. 

1 Henri and de Laszlo, Proc. Roy. Soc. A, 1924, 105, 662, 

* de Laszlo, Z. physik. Chem., 1925. 118, 369. 

* For example, Morton and de Gouveia, J. Chem. Soc., 1934, 9 ^^ I Mayneord 

and Roe, Proc. Roy. Soc. A, i935, 299. 

^ Kasha and Nauman, J. Chem. Physics, 1949, 17, 516. 

* Prikhotjko, J. Physics, U.S.S.R., 1944, 8, 257. 

* Klevens and Platt, J. Chem. Physics, 1949, 17,479. 
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contains discrete relatively sharp bands, but looks different from the 
vapour spectrum whether obtained with natural or with polarized light. 

Fluorescence of naphthalene has been studied mostly in liquid and solid 
solutions.’ It consists of a number of bands in the region 3000-3650 A. 
Fluorescence of the vapour was excited® by irradiation with wavelengths 
below 3000 A showing narrow bands between 3000 and 3340 A superim¬ 
posed on a continuous background. Fluorescence and absorption bands 
coincide in the overlapping region. The fluorescence of crystalline naph¬ 
thalene • (at 20® K) consists of a complicated spectrum of many, mostly 
narrow, bands. Prom studies of the fluorescence lifetime of naphthalene 
in rigid glass solution Kasha and Nauman concluded that the weak 
long wavelength absorption is a forbidden transition. 

Calculations of the electronic terms of naphthalene have been carried 
out 'ivith the bond orbital method taking into account valence structures 
with no or one “long*’ bond.^® With this approximation one obtains as 
the first two excited singlet states a and a level. Transitions 
from the symmetrical ground state to the Bs* state are allowed with the 
transition moment in the long molecular axis axis), and to the Ba* 
state with the moment in the short (y axis). Earlier more complete cal¬ 
culations by Blumenfeld,^^ taking all 42 canonical structures into account, 
give for the first excited level a symmetric one, Mj,. The transition from 
the ground state to this level is forbidden. Blumenfeld obtains as next 
excited levels a ^Ba« and a ^Bj* term. Craig 1* also using the valence 
bond method, has likewise predicted an Ai, as lowest excited singlet level, 
followed by a ^Bj*, ^Bj^, ^B** term, in that order. 

Platt’s one-dimensional free electron picture leads to the same order 
of the allowed levels as the bond orbital method, whereas calculations 
with the standard molecular orbital method (German,^* Coulson,^* 
Davydov i*) and a slightly modified molecular orbital method (Simpson i’) 
reverse this order. In fids approach the symmetric level should lie at 
higher excitation energy. In the most recent treatment of the energy 
states of naphthalene by Jacobs ^ an antisymmetriced molecular orbit^ 
calculation was carried out, taking into account the interaction between 
the different configurations formed by the molecular orbitals. In this 
approach a Ba^ and a Bj. are obtained as lowest singlet levels with a very 
small separation between them. The first excited ^Aig state appears 
1*4 eV above the Bj„ state. Oscillator strengths were csdculated for the 
firk three allowed transitions and compared with experimental values 
omitting the first weak absorption at 3200-2900 A. The agieement is 
rather good. 

An^sis of the lx>west Electronic Singlet Transition in Naphthalene 
at 3200-2900 A-— (a) Occurrence of o —i and i—0 Bands. —Considering 
the weakness and structure of the first absorption in naphthalene, and 
the lifetime of the fluorescence, this system can be expired best as a 
transition forbidden by symmetry. Possibilities of interpreting the low 
intensity by cancellation of positive and negative terms of the same order 

’ Compare P. Pring^eim, Fluorescence and Phosphorescence (Interscience 
Publishers, New York, 1949), 408, 

* Prmg^eim, Ann, Acad, Warsaw^ 1938* 5, 29. 

• Obreimov and Shabaldas, J, Physics U,S,S,R,, 1943, 7* 168, 

»• Remarks of M, Kasha at O.N.R. Spectroscopy C^ference, Jan., 1948. 

Sponer and Nordheim, ONR Contract N 6 ori-ioj, T, 0 , 1 (Annual Report, 
June, 1948). 

“ Blumenfeld, J, Physic. Chem. U,S,S,R., 1947, 5 ^ 9 * 

« Craig, Proc, Xlth Int, Congr, Chem, iZond,) (July, 1947). 

Platt, J, Chem, Physics, 1949, 17, 484. 

German, J, Physics U,S,S,R,, 1944, 8, 276. 

Coulson, Proc, Physic, Sac., 1948,60, 257. 

“Davydov, J, Expt, Theor. Physics D.S.S.J?., 1947, 17, 1106. 

“ Simpson, J, Chem. Physics, 1948, 16, 1124. 

“ Jacobs, Proc, Physic, Soc, A, 1949, 62, 710. 
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in the transition moment integral have also been mentioned.If the 
long wavelength system arises from a transition forbidden by symmetry, 
it is obvious that absorption and fluorescence bands should show the same 
characteristic difference as the near ultra-violet transition in benzene, 
i.e. a strong o-i band and a weak i-o band in absorption and a weak 
o-i and a strong i-o band in fluorescence. Experimental data on ab¬ 
sorption and on fluorescence in the different states of aggregation were 
consulted and the interpretation chosen is presented in Table I. There 
is no doubt that the narrow band group at 3080*1-3081 *3 A in the 
vapour represents the o-i transition. It is very strong in absorption 
and weak in fluorescence. The band at 3080*4 A or 32454 cm.“^ is 
taken as main band. Likewise, the band at 3172*4-3173*4 A occurs 
strongly in fluorescence and weakly in absorption and is here considered 
as I-o transition. Already Pringsheim ® noticed these intensity ratios 
w'hich would be in agreement with a forbidden transition. 31513 cm.""^ 
is taken as main band of the i-o transition. The intensity ratio of 
the two bands as taken from absorption plates obtained by Cooper 
is 1/20. From spectrogram No. 169 in the catalogue of ultra-violet 
spectrograms a ratio of about i to 30 may be estimated for the solution.*® 
These ratios will be used later in the evaluation of the o—o band. As 
seen in Table I the band positions in the solution are shifted to the red 
by about 310 cm.“^ as compared to the vapour. For rigid glass solutions 
Kasha and Nauman’s values have been used. 

TABLE I.—o— I, I —o AND o—o Bands of Long Wavelength System of 

Naphthalene 


Bands 

Vapour 
abs., ref. x 
fiuor., ref. 8 

Liqu. Solution 
(hexane) 
abs., ref. x. so 
fluor., reL 7 

Rigid Glass 
abs., ref. 4 
fluor., ref. 4 

Oystal 
abs., ref. 5 
fluor., ref. 9 

0 —I 

32454 cm.-* 

32145 cm.-* 

32104 cm.-* 


I-0 

31513 cm.-* 

31173 cm.-* 

31144 cm.-* 

31062 cm.-* ? 

Separation 

941 cm.-* 

972 cm.-* 

960 cm.-* 

— 

0—0 

(32080 cm.-*) 

(31757 cm.-* ?) 

i 

31680 cm.-* 

(31062 cm.-* ?) 


The corresponding assignments in the crystal spectra are much more 
difficult to achieve. These spectra are extremely complex and not too 
well understood. Four different electronic transitions were assumed in the 
absorption analysis ® and three were used for the explanation of the fluores¬ 
cence spectrum.® The absorption spectra were taken with natural light 
and with polarized light where the polarization vector was either parallel 
to the a or b axis of the crystal. In the long wavelength part there are 
bands which appear weakly or not at all in one case and strongly in the 
other, but above 33400 cm.~^ the spectrum is strong only when the polariza- 
to the a or b axis of the cr3rstal. In the long wavelength part there 
are bands which appear weakly or not at all in one case and strongly in 
the other, but above 33400 the spectrum is strong only when the pol^za- 
tion vector is parallel to the a axis and it is practically missing for the other 
position of the Nicol. In spite of the excitation by polarized light as means 
of differentiation, vre found it not possible to obtain a satisfactory analyms. 
It was expected that, if the analysis presented here is valid for the vaj^ur 
and solutions, it would also, at least in its main features, apply to the solid. 
However, the characteristic features may become obscured because inter- 

“ Cooper, Master Thesis (I^ke Univ., 1948). 

*® American Petroleum Institute Research Project 44 at the National Bureau of 
Standards. Catalogue of XJUra-violet Spectrograms, Serial No. 169, Naphthalene 
liqu. sol.). 
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action with cn'stal forces (the molecules are arranged in skew packing ai) 
may cause the breakdown of the selection rule. It will also lead to 
splitting of the energy levels and the spectrum will look more compli¬ 
cated than that in the \’apour phase. For naphthalene, the fluorescence 
spectrum is less complex than the absorption spectrum. Obreimov and 
Shabaldas stated that the fluorescence spectrum has a sharp beginning 
with a line at 31062 cm.-^ and they succeeded in interpreting all stronger 
lines with the use of known Raman frequencies belonging to totally 
sjunmetric \ibrations. Small frequencies up to about 100 cm.-1 were 
identified with lattice vibrations found in the Raman efEect of naphthalene 
crystals.*® 

From the previous discussion it would seem logical to assign the narrow 
band at 31062 cm.-^ to the i—o transition in the crystal spectrum. How¬ 
ever, the situation becomes confused when considering the absoiption 
spectrum. The groups in the spectrum do not stand out as clearly as in 
the fluorescence spectrum and the overlapping of the second absorption 
region is adding to the complexity of the spectrum. A new analysis by 
Prikotjke was not available to the authors except a very brief abstract 
in Chem. Ahstr, in which no mention is made of any figures. Interpreting 
the band 31062 as o—o band would account for the appearance of this band 
in fluorescence and absorption but it does not lead to a satisfactory 
analysis of the spectrum. It would also give a very large red shift as 
compared to the vapour and solution spectra. Work on the spectrum 
of the crystal is being continued. 

(d) Fixation of o—o Band. —The separation between the o—i and i—o 
bands in the different states of aggregation are also included in Table I. 
This separation represents the sum of the vibrational frequencies in the 
lower and upper electronic state that makes the forbidden transition 
allowed. Assuming that it is a transition A^g-Aig* it is clear that excita¬ 
tion of a vibration will produce a transition moment in the long molec¬ 
ular axis and a vibration a moment in the short axis. A moment 
perpendicular to the molecular plane (along the z axis) could be produced 
by excitation of a hn vibration. Fixation of the o—o band is not easy. 
The three types of vibration which can produce the necessary moment are 
Raman inactive. Infra-red measurements are known in the literature 
only above 600 cm.-i. It seems more likely that the separation 941 cm.~i 
would involve a vibration below that value. Dr. E. K. Ptyler and Miss 
Mary A. Lamb have very kindly taken the infra-red spectium of naphthalene 
in solution from 4000 to 360 wave numbers at the National Bureau of 
Standards. Their absoiption curves showr four frequencies in the critical 
region : 618 (m), 568 (w), 476 (vs), 361 (w).* Of these, as far as numerical 
values are concerned, 568 and 476 seem most plausible. If a 50 % drop 
of the frequency in the upper state can be assumed, then the 618 is also 
eligible. Using these values with the separation 941 cm.“i in the gas 
(although they have been obtained from solution data), this would give 
an upper state frequency of 323, or 373 or 465 cm.-i respectively, and 
correspondingly, would place the 0—0 band at 32131, or 32081 or 31989 cm."^ 
Although faint and narrow bands have been measured by de Laszlo in 
all three places, this has not much significance. Cooper, who studied the 
absoiption in dependence of pressure and not of temperature, did not 

RobeETtson, Proc, Roy. Soc. A, i933» 674; Abrahams, Robertson and 

White, Acta Cryst, 1949, 2, 238. 

“Davydov, J. Bxpt, Theor. Physics, U.S.S.R., 1948, 18, 210, 

“Gross and Vuks, /, Physique Rad., 1936, 4, 113; Nedure, 1929, 124, 692. 

“Erikhotjfco, Nat. Acad. Sci. U.S.S.R., Ser. Phys., 1948, 12, 499, reviewed 
in Chem. Absir., 1950. 44, 433- 

“ For example, Lambert and Lecomte, Ann. Physique, 1933, l8,329 ; Barnes, 
Gore, lidd^ and Williams, Infra-red Spectroscopy (Reinhold, New York, 1944), 
p. 56. 

* m = medium, vs = very strong, w *= weak. 
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observe a band in any of these positions. The solution spectrum obtained 
by de Laszlo shows a peak at 31757 cm.-^ which divides the distance of 
970 into 584 + 388 cm.“i, but a similar peak has not been obtained by 
other authors (for example, ref. 20). The interpretation of the 31757 cm.-^ 
peak as o—o band must be considered as uncertain, particularly in view 
of its intensity. Examining the data obtained in rigid glass solution, 
it is seen at once that the o—o band does occur weakly in absorption and 
in fluorescence. Interaction with the glass medium causes a breakdown 
of the selection rule. Unfortunately, the measurements are accurate to 
only ± 30 cm.“^. Actually, the two o—o bands deviate by about 100 cm.~i 
from each other. In the absorption curve the distance from the 0—0 band 
to the next very strong band is 367 cm.-i, and the corresponding distance 
in the fluorescence curve is 482 cm.-^. In Table I the values for the o—i 
and i—HD bands (rigid glass) are the wave numbers of the strongest bands in 
the spectra and are more reliable than the weak o—o peaks. With this in 
mind and assuming that the ratio of the distance 367 and 482 has some 
real significance, the position of the o—o peak is estimated at about 
31680 cm.”^ which is the averaged value reported in Kasha and Nauman's 
paper. 

No additional information can be obtained from the spectra of crystal¬ 
line naphthalene as was indicated before. 

(c) Support of the Analysis and Determination of the Inter¬ 
acting Vibration from the Spectrum of Heavy Naphthalene.— 
Although the preceding analysis (intensities, numerical relations, Boltzmann 
factor from intensity ratio of o—i and i—0 bands) points to a vibration 
in the neighbourhood of 600 cm.-^ rather than to the strong 476 cm."”! 
as interacting vibration, the latter cannot be definitely excluded because 
ol the only roughly known positions of absorption and fluorescence peaks 
in liquid and solid solutions. To facilitate the assigmnent, a sample 
of completely deuterated naphthalene was prepared by L. Corrsin * in 
this laboratory and the ultra-violet absorption spectrum was taken by 
C. D. Cooper. The first noticeable feature was the greater diffuseness of 
the spectrum as compared to that of light naphthailene. There was 
probably a small percentage of not completely deuterated compound in 
the sample which would produce close lying bands and somewhat obliterate 
details. However, the edges on the ifltra-violet side of the bands would 
correspond to the completely deuterated substance. It was found that 
the o— I band in heavy naphthalene is shifted by only about 100 cm.“i 
to the violet as compared to ordinary naphthalene while the corresponding 
shift in benzene is 180 cm.-^, (The shift in mono-deuterobenzene is 
31 cm."i). The shift to the violet results from zero point vibrations. The 
separation between the o—i and i~o bands is about 910 cm.”’- in heavy 
naphthalene as compared to 941 in the light compound. The infra-red 
frequencies were taken from curves obtained again by Dr. E. K. Plyler 
and hliss Mary A. Lamb at the National Bureau of Standards using our 
samples in solution. In the region pertinent to our dicussion these vibra¬ 
tional frequencies were observed : 594 (m), 566 (vw), 541 (w), 422 (vw), 
403 (s), 328 (w). It seems reasonable to assume the following correspond¬ 
ences between light and heavy naphthalene vibrations : 
unlikely that the vibration will have a much larger frequency in the excited 

Light Heavy 

618 (m) 594 (m) 

568 (w) 541 (w) 

476 (vs) 403 (s) 

361 (w) 328 (w) 

The separation of 910 cm.”^ rules out the participation of the 403 vibration 
in the mechanism of making the transition allowed because it is 


* A paper by L. Corrsin is in the course of preparation. 
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electronic state. For 594 and 541, the ratio of the vibrational frequencies 
in the t^vo states would be about the same for both naphthalenes. Measure¬ 
ments in rigid glass solution agree better Avith using the 568 than the 
618 cm.-i \'ibration. but the wide limits of accuracy in these spectra do 
not entirely exclude the higher value. 

A consideration of the symmetries of these vibrations may permit a 
further selection. The question to which symmetry class the interacting 
vibration belongs is identical with the question in which direction the 
*' forbidden ” transition is polarized. Firstly, it is expected and assumed 
that this vibration is a carbon \dbration. It is furthermore assumed that 
the vibrational transition moment will be in the molecular plane and more 
specifically, in the long axis (x) since the next allowed transition 
should be polarized in the a? direction. This makes the interacting vibra¬ 
tion one of t3rpe Either vibration (618 or 568) could belong to this 
type. From intensity arguments the 618 seems a better choice.* The 
Imrge drop of almost 50 % in wave number in the upper electronic state 
would have to be explained. Although a drop of this magnitude was 
assumed to occur in benzene for the p^g carbon vibration, it is surprising 
for the pzv mode. Therefore, until further support in favour of the 618 
vibration has been found, the 568 vibration is used here tentatively as the 
interacting vibration. 'Wiile this refers to the strong part of the long 
wavelength system, it is quite possible that weak bands which do not 
fit in this scheme result from a vibrational moment in the short axis (y) 
and involve a jSg* vibration. 

In Table 11 there are collected the main vibrational frequencies occur¬ 
ring in the spectrum produced through interaction of a jSsu vibration. 
All are interpreted as carbon vibrations. 

Remarks on the Higher Electronic Singlet Levels —As mentioned 
in the introduction, a second absorption region occurs in naphthalene at 
2900-2500 A. The beginning of this absorption (o—o band) was given in 
Kasha and Nauman’s paper as 33736 cm.’*^. This value was taken from 
Prikhotjko's absorption measurements in the crystal. Elevens and 
Platt place the onset of the second absorption in solution at about 
35,000 cm.-K From a careful study of our own plates we have chosen the 
strong broad vapour band at 35910 cm."i as o—o band of a second ab¬ 
sorption system. It seems impossible to correlate this value with the 
33736 in the solid because of the too large shift. In looking for a possible 
lower transition we had noticed on our plates a rather strong group of 
bands located at 34060-33940 cm.”*^ with the bands spaced about 40 cm.-i 
apart. They look different from the other naphthalene bands, H group 
of Henri and de Laszlo appearing strongly in tiie vapour and in solution. 
A corresponding group in heavy naphthalene is missing. Dr. Corrsin 
suggested the group might be due to an impurity which was removed with 
the sulphonation in the preparation of heavy naphthalene. After re¬ 
fluxing the ordinary naphthalene with sodium, the peculiar band group 
had disappeared.t The spectra look now more uniform, and it has been 
possible to extend the analysis % of the system a little further 

toward shorter waves, and of the second stronger system to longer waves 
from the o—o band 35910 cm.~^. The second system is considered to be 
the predicted transition. Although measurements in the 

spectnim of heavy naphthalene have not been completed, it may be 
mentioned here that a preliminary calculation indicates a shift of about 

* Tentative assignments of the infra-red active vibrations of the two 
naphthalenes will be published by L. Corrsin soon. 

Garforth, Ingold and Poole, /. Chem. Soc„ 1948, 491. 

t Naphthalene which had be^ sublimed and recrystallized several times 
still ^ve a positive test for sulphur before refluxing with sodium. Dr. Corrsin's 
stmpicion that the impurity might be benzothiophene was recently verifled 
spcirtroscopically by C. D. Cooper. 

t These results will be published vrith C. D. Cooper elsewhere. 
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130 cm.-i of the 0—0 band in the second system of heavy naphthalene as 
compared to light naphthalene. 

The principal vibrational frequencies found in the transition 
are included in Table II. Except for 930, they are considered as belongiug 
to carbon vibrations. 

Coming back to the absorption spectrum of the crystal, photograph 4a, 
Plate I in Prikhotjko's paper suggests from the intensity distribution of 
bands that the region 33445-36000 cm.-^ may consist of two different 
transitions. It is tentatively suggested here that the state Baa splits in 
the crystal into two states, one covering a spectral transition from about 
33440-34500, and the other from about 34500 to above 36000 cm.“^. 

The third absorption region of naphthalene occurs at 2220 A-2000 A 
(45000-50000 cm.-i). It is more than 10 times stronger than the second. 
Structure in this system was obtained in the vapour on u.-v, sensitized 
plates. It agrees with the general contours of the spectrum of the liquid • 
in this region but shows in addition a few fainter bands on the long wave 
side which are lost in the sharp rise of the absorption curve in the liquid, 

TABLE II.—^\’lBRATIONAL FREQUENCIES (CM.“^) OCCURRING IN THE FiRST 
Two Singlet Systems of Naphthalene. 


Long Wavelength System 


Ground State 

Excited State 

Raman 

Infra-red 

Symmetry of 
Vibration 

510 

474 

512 


ttj. 

(568) 

(373) 


568 


766 

701 

762 

— 


1022 

997 i 

1022 


Ctlg 


520 

480 

512 



— 

710 

762 

— 


930 

— 

940 

— 

ai, ? 

1030 

980 

1022 

— 



1390 

1380 


(Xiff 


Although work on this system is still in progress, a value of 45100 cm.-^ 
may be suggested as possible location of the o—o transition. 

Comparison with Theory.—^The occurrence of a forbidden transition 
^Aig-'^Aig as low'est electronic transition in the naphthalene molecule is 
in agreement with calculations based on the valence bond method. 

The tentative position of the 0—0 band (Table I) is at 3116 A (320S0 cm."^), 
while Blumenfeld calculated 3193 A and Craig's value is 2830 A. The good 
agreement with Blumenfeld's value is probably fortuitous. The analysis 
presented here is also consistent with results obtained from Platt's free 
electron model. The location of the o—o band fits well on his curve for 
the transition in polyacenes.* 

Both the valence bond and molecular orbital method agree on a B,„ 
level as upper state of the first allowed transition. From these predictions 
and not from the analysis, the 35910 band was identified with the 0—o 
transition of the system A distinction between a B^ and B,« 

level from the spectrum is difficult as essentially the same vibrational 
structure may be expected in the two transitions. The close agreement 
of the petition of our ^Ba* level (2784 A) with Blumenfeld's calculated 
position is again more or less fortuitous. Craig's calculations place it 
somewhat lower at 2665 A. There seems, however, to be disagreement 
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with the latest results obtained with the molecular orbital method. Cal¬ 
culations of Jacobs would place the level at about 3420 A, that is, 
in the neighbourhood of the forbidden absorption system. These calcula¬ 
tions further predict a Bzu level very close to the B^u state. Transitions 
to these levels from the ground state would give overlapping spectra. 
Careful search ^vas made for a second system between the long wave 
forbidden spectrum and the allowed system starting at 35910 cm.^ This 
seemed important in \'iew of the appearance of the crystal spectrum in 
that region, as was discussed before. Now it is true that there are a 
number of unexplained bands in the critical region of both transitions, 
but almost all the stronger bands (or rather groups of narrow bands) 
were found to fit into one of the two systems. There are also a very few 
fainter bands which look different from the other naphthalene bands in 
either s37stem and which, remembering the fate of the H group (notation 
of Henri and de Laszlo), might still belong to an impurity. Taking all 
this into account, the existence of another system in the transition region 
between the two identified systems cannot be excluded until aU the bands 
have been accounted for, but this existence is not considered very probable. 
The third, very intense transition is polarized in the long axis as was shown 
in previous experimental and theoretical research.^® 

The authors would like to express their indebtedness to Dr. E. K. 
Plj^ler and Miss Mary A. Lamb of the National Bureau of Standards for 
tairing the infra-red spectra of hght and heavy naphthalene in solution. 
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APPLICATIONS OF THE ELECTRONIC 
SPECTRA OF PYRIDINE HOMOLOGUES 
TO QUANTITATIVE ANALYSIS AND 
TO THE MEASUREMENT OF 
DISSOCIATION CONSTANTS 


By E. F. G. Hbrington 
Received aytk June, 1950 

The difficulty of preparing pure samples of pyridine bases is indicated. The 
absorption spectra of highly purified samples of pyridine, a-, j8-, and y-picolme 
and 2:6-lutidine obtained under different conditions are discussed from the 
point of view of chemical analysis. The spectra of the vapours over a wide 
range of pressures at 20° C using c^s of length 14*5 cm , 61*2 cm. and 153 cm. 
axe compared. Special attention has been paid to the effect of small amounts 
of impurities. The sj>ectra of solutions of these bases in o-i N sulphunc acid, 
0*1 N sodium hydroxide and cyclohexane are recorded. A method for the 
ajial3rsis of a mixture of ji-picoline, y-picoline and 2:6-lutidine based on the 
differences in absorption coefficient of acid and alkaline solutions is described. 
The dissociation constants of these bases have been determined from the spectra 
of buffered solutions. 


Compounds of the pyridine series are particularly difficult to prepare 
in a state of purity, psurtly because there are no convenient synthetic 
methods, partly because certain members have boffing points near others 



E. F. G. HERINGTON 27 

and partly because they are difficult to free from water. The modem 
technique of fractional distillation will readily separate a-picoline and 
pyridine from a mixture of bases which was impossible when much of 
the earlier work on the spectra was undertaken (e.g. see Herrman but 
certain homologues such as jS-picoline (b.p. 144*0® C), y-picoline (b.p. 
145*3® Q and 2 ; 6-lutidine (b.p. 144*0® C) have boiling points wMch are 
so little difEerent that even now special methods have to be used in their 
separation.* Extensive fractional distillation fails to remove hydrocarbon 
impurities from p3rridme and a-picoline so that chemical treatment is a 
necessary step in the purification of these bases.® 

In view of the difficulty of preparing pure samples, it is not surprising 
that Herrman ^ thought that the bands at 2789*4, 2832*4 and 2876-7 A 
obtained by him in the vapour spectra of a-picoline were due to the 
presence of pyridine in his sample although Purvis ® at an earlier date 
had commented upon the large number of near coincidences in the wave¬ 
lengths of bands in p^uidine and a-picoline. The present work shows 
that some of these bands do occur in the spectra of pure a-picoline. A 
more recent example of the difficulty of obtaining pure samples of these 
bases is afforded by the investigation of the Raman spectra by Herz, 
Kahovec and Kohlrausch* who showed that their j9-picoline sample 
contained 2 ; 6-lutidine even after extensive treatment. Sponer et al.^* * 
have suggested that the ultra-violet spectra of a-picoline and pyridine 
vapour should be compared in order to establish whether a band at 
33824 cm.“^ observed bv them and by Henri and Angenot * in pyridine 
■was due to a small quantity of a-picoline. 

Highly purified samples of these bases have been prepared at the 
Chemical Research Laboratory in connection -with other work, and in 
■view of the uncertainties concerning published spectra it -was decided to 
record the absorption of these authenticated specimens. Interest at 
the Chemical Research Laboratory centred on the possibility of de-vising 
spectroscopic methods for the analysis of mixtures and no vibrational 
assignments have been attempted. 

The ultra--violet absorption spectra of pyridine in the -vapour and in 
solutions have frequently been described, e.g. -vapour spectra by Henri 
et alJ and by Sponer et a/.** ^; heptane solution by Spiers and Wibaut; • 
aqueous solution by MarchlewsM and Wyrobek 1° and by Hughes, 
Jellinek and Ambrose.^^ The spectra of a-picoline in the vapour has 
been reported by Purvis * and by Herman, and in solution by Purvis * 
and by Baker and Baly.^* The vapour spectra of 2 : 6-lutidme was de¬ 
scribed by Purvis * and that of jS-picoline by Herrman,^ but in view of 
the spectra reported here it appears probable that his /3-picolme specimen 
■was composed largely of 2 : 6-lutidine. A note by Sponer and Rush 
on the near ultra-'violet spectra of a-, p- and -y-picoline appeared when 
our prdiminary work on the spectra had been carried out. 

Experimental 

General.—^The purities of the samples of bases used were established by a 
freezing point technique and the fofiowing values found : pyridine 99*85 i 

^ Herrman, Z. Wiss. Photogr., 1919, 18, 253. 

* Coulson and Jones, J. Soc, Chem. hid., 1946, 65,169. 

® Report Chem. Res. Board (1948), 33. 

® Purvis, /, Chem. Soc., 1910, 97, 692. 

* Herz, I^hovec and KoWrausch, Z. physik. Chem. B, 1943, 53, 124- 

® Sponer, Rev. Mod. Physics, 1944, 16, 224. 

’ Sponer and StQclden, J. Chem. Physics, 1946, 14,101. 

® Henri and Angenot, /. Chim. Phys., 1936, 33, 641. 

* Spiers and Wibaut, Rec. trav. chim., 1937, 56, 573. 

Marchlewski and Wyrobek, Btdt. Acad. Polanaise, 1929# 93 J I934» -4 22, 

Hughes, Jellinek and Ambrose, /. Physic. Chem., i949. 53» 4io- 
Baker and Baly, J. Chem. Soc., 1907, 91, 1122. 

Sponer and Rush, J. Chem. Physics, 1949^ 17, 587. 

“ Herington and Handley, J. Chem. Soc., 1950, 199, 
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0-07 %, a-picoline 99-89 ± o*o 6 %, jS-picaline 99*97 ± <^*02 %, y-picolinc 
99*75 i ^’^3 %» 2 ; 6 -lutidiiie 99*93 ± 0*^4 %• The water content was less 
than 0-03 % volume. Sensitive colour reactions « gave results consistent 
with the freezing point determinations, thus, for example, the y-picoline con¬ 
tents of the / 3 -picoline and 2 : 6 -lutidine samples were shoivn to be less than o*i % 
by volume. 

The vapour spectra were obtained by means of a Zeiss quartz spectrometer, 
slit width O'Oi mm., reciprocal dispersion 7*4 A per mm. in the wavelength 
range 2400-3000 A, using Ilford Selochrome 30® backed plates. The light source 
was a high tension, 3500-V hydrogen lamp consuming i kW and exposure times 
varied from 4 to 16 min. The vapour absorption cells of lengths 14*5 cm., 
61-2 cm. and 153 cm. were of Pyrex glass with quartz wmdows and carried a 
side tube containing the liquid. The cells were evacuated with a mercury 
diffusion pump backed by a rotarj’’ oil pump. The pressure of the vapour of 
the base in the cell was varied by immersing the liquids in the side tube in suit¬ 
able baths. The temperature of the vapour in the light path was that of the 
room. The wavelen^hs of the absorption bands were measured on photo¬ 
graphic enlargements of the spectra using an iron arc as standard 1® and em- 
ploj-ing the Hartman formula for interpolation. The wavelengths in air 
recorded in the tables are expressed in International angstrom and are believed 
to be correct to at least 0*5 A. The letters given in the tables following the 
wavelengths designate the appearance of various types of band : thus, a, strong 
band with sharp edge on violet side ; 5, strong band most intense in centre ; 
c, w’eak narrow band with sharp edges ; d, diffuse band ; e, centre of very broad 
band ; /, violet edge of very broad band. 

Some of the solution spectra were measured on a Beckman quartz spectro¬ 
photometer and others on a Unicam quartz spectrophotometer. The o*i N 
sulphuric acid used as solvent had a transmission of 95 % at 2450 A compared 
with conductivity water while the value for the o*i N sodium hydroxide solu¬ 
tion was 97*2 %. The cyclohexane which was used as a solvent was purified 
by acid treatment follow^ by percolation through silica gel ” and had a trans¬ 
mission of 90 % at 2450 A compared with conductivity water. The appropriate 
solvent was employed in the blank cell in every instance. 

Vapour Spectra.—^P yridine.—H enri and Angenot ® who studied the spectra 
of this material over a wide range of temperatures and pressures record^ 255 
bands. Such a wide range of conditions were not examined here and it was 
not expected that so many bands would be observed, but nevertheless 109 bands 
were measured and agreement found with those recorded by Henri in most cases. 
The only bands recorded by the French w’orkers which were not observed al¬ 
though it was anticipated that these bands would be found from the recorded 
intensities and from the respective resolving powers of the spectrometers were 
bands at 2925*5, 2932*2. 2923*0, 2900*0, 2886*3, 2833*1 and 2750*8 A. o-Xylene 
has been separated from some impure samples of pyridine but it was shown 
that these bands which we have failed to detect could not have been due to the 
presence of this hydrocarbon in the pyridine used by other workers. The only 
bands found in this work which were additional to those recorded by Henri 
and Angenot were weak and diffuse bands at 2497, 2487, 2466, 2447 and 2427 A. 
Plate I is a photograph of the spectra. The absence of diffuse bands of the type 
shoTpvn by a-picoline (Plate II) should be noted. These pyridine spectra exhibited 
a band at 33824 {2955*6 A) which was not due to the presence of picoline 

(see below). This is the band which Sponer and Stticklen ’ experienced diffi¬ 
culty in assigning notably because KUne and Turkevich^® had reported a 
mediumly strong band in the infra-red at 936 cm.-^ (mean 941 cm.-^). Measure¬ 
ments of the infra-red spectra of a sample of pure pjTidine carried out at the 
Chemical Research Laboratory failed to reveal the presence of a mediumly 
strong band at 941 cm.-'. 

a-PicoLiNE.—^The spectra of this base shows fewer bands than pyridine 
(Plate II). The 34 bands which were observed are listed in Table I. Com- 
par^on of the wavelengths of these bands with those recorded by Henri ® for 
pyridine shows a large number of near coincidences. The general intensity of 


Herington (in preparation). 

Iron Charts (Adam Hilger Ltd,), 3rd edn, 

Maclean, Jencks and Acree, J, Ras. Nat, Bur. Stand., 1945, 34, 271. 
“ KUne and Turkevich, /. Ckem. Physics, 1944, I2, 300. 
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Plate I —Vapour spectra of pyridine at 19° C. 

A Iron arc. b 153 cm. cell, liquid at 19® C. c 61 cm. cell, liquid at 19® C. 
D 14*5 cm. cell, liquid at 14® C. e 14*5 cm. cell, liquid at 0° C. f 14*5 cm. 
cell, liquid at —15° C. G 14*5 cm. cell, liquid at —30® C. 



Plate II.—^Vapour spectra of a-picoline at 20® C. 

A Iron arc. b 153 cm. cell, liquid at 20° C. c '61 cm. cell, liquid at 20® C, 
D 14*5 cm. cell, liquid at 18® C. E 14*5 cm. cell, liquid at o® C. F 14*5 cm. 
cell, liquid at — 17® C. G 14*5 cm. ceU, liquid at —22° C. 

[To face page 28 
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Plate III —Vapour spectra of j8 picolme at 19° C 
4 1^3 cm cell liquid at 19® C B 6r cm cell, liquid at 19° C c 61 cm 
cell, liquid at 0° C d 61 cm cell liquid at —15® C E 61 cm cell, liquid at 
—30° C F 61 cm cell liquid at — 4:)° C G Iron arc 



Plate IV —^Vapour spectra of y-picolme at 19® C 
A 153 cm cell, liquid at 19® C b 61 cm cell, liquid at 19® C c 61 cm cell 
liquid at o® C d 61 cm cell, liquid at —15° C E Iron axe 









Plate V —Vapour spectra of 2 6-lutidine at 19® C 
A Iron arc b 153 cm cell liquid at 19° C c 61 cm cell liquid at 19® C 
D 14 5 cm cell liquid at 15 C Ei45cm cell, liquid at — 
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the a-picoline spectra is less than that of pyridine. The diffuse bands in the 
region 2663*3-2516-6 A are particularly striking, 

j3-Picoline. —Except for the note by Sponer and Rush the absorption 
spectra of j8-picoline vapour has not been studied within recent times. 

TABLE I.— ^Wavelengths of Absorption Bands in a-PicoLiNE Vapour 


A 

A 

A 

A 

A 

2928*8 c 

2875*96 

2850*0 

2806*9 ^ 


r 2663*3 ^ 

2921*3 c 

2869*76 

2847*6 c 

2803*8 c 

! 

,2655-3/ 

2914*7 c 

2866*1 c 

2844*1 c 

2795-9 0 


2601*65 

2905*1 c 

2862*1 d 

2839*7 c 

2789*0 6 


_2585 -i/ 

2898*7 c 

2861*3 ^ 

2836*4 c 

2783-5 c 


"2535-3 « 

2891*7 c 

2858*8^2 

\ 2823*3 ^ 

2775-5 A 


2516*6/ 

2887*9 c 

2856*0^2 

2826-2882 d 

2747*2 d 

2465*4 d 

2879-2875*9 d 

2853*8 c 

2816*5 6 

2736*9 c 



Plate III shows the spectra and the wavelengths of 50 bands recorded in 
Table II. The tendency for bands to occur in small groups gives to this spectra 
its characteristic appearance. The bands become more diffuse towards shorter 
wavelengths but wide diffuse bands of the type shown by a-picoline or by 2 : 6- 
lutidine are absent. 


TABLE II.— ^Wavelengths of Absorption Bands in j8-Picoline Vapour 


A 

A 

A 

A 

A 

2938*2 c 

2880*8 6 

2833*0 c 

2759-1 c 

2635*5 d 

2934-4« 

2872*9 a 

2828*3 c 

2755-1 0 

2618*1 d 

2925*6 c 

2867*0 c 

2823*05 

2750*7 c 

2606*8 d 

2922*6 c 

2859*6 a 

2816*8 6 

2746*1 c 

2594-9 d 

2918*5 c 

2856*8 6 

2813*3 a 

2742*4 d 

2579-9 d 

2912*5 c 

2853-5 c 

2809*1 c 

2723*8 

2450-2550 d 

2904*5 c 

2851*1 c 

2795*2 d 

2707*8 d 

— 

2896*8 c 

2848*1 c 

2784*2 c 

2687*7 d 

— 

2892*3 c 

2845*2 c 

2779*2 c 

2674*1 d 

— 

2888*9 c 

2840*1 a 

2775-3 0 

2662*7 d 

— 

2884*5 6 

2837*1 6 

2762*7 c 

2648*8 d 



y-PicoLiNE. —^The absorption bands in the spectra of this base (see Plate IV) 
are displaced towards shorter wavelengths compared with those in a- and 
j 3 -picoline and are much more diffuse particularly below 2800 A although wide 
diffuse bands of the type which appear in a-picoline and 2 : 6-lutidine are absent. 
Table III gives the wavelengths of 25 bands measured. 


TABLE III.— ^Wavelengths of Absorption Bands in y-PicoLiNE Vapour 


A 

A 

A 

A 

A 

2884*1 d 

2830*4 d 

2792*3 d 

2748*0 

2643 d 

2864*4 c 

2826*8 d 

2783-3 i 

2727*5 if 

2615 d 

2851*2 c 

2823*3 a 


2720*6 d 

2591 

2841*9 a 

2813*3^2 

2768*4 d 

2713*6 if 

2570 d 

2834*6 c 

2805*9 d 

2755*8 d 

2694*2 if 

2548 if 


2: 6-Lutidine. —The spectra of this material e^diibits very few bands, 
see Plate V. 

The wavelengths of the bands measured were: 2866*7 c, 2824*9 c, 2693-2 /, 
2702*8 e, 2651*8 d, 2627*2 d, range 2500-2620 A weak diffuse bands. 
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General Comparison of the Vapour Spectra.—^P>Tidine e::^bits the Ingest 
number of bands, and successive substitution of methyl groups in the a-positions 
causes a progressive suppression of fine bands and an enhancement of diffuse 
bands. Amongst the mono-methyl substituted bases, the jS- and y-homologues 
exhibit most fine bands and of the five bases studied only a-picoline and 2 : 6- 
lutidine exhibit broad diffuse hands. 

Vapour Spectra of Binary Mixtures of the Bases.—^Experiments were 
carried out with the object of establishing the smallest percentage of one base that 
can be detected in the presence of another by means of the spectra of the vapours. 
Pyridine could be detected in a-picoline down to a concentration of 3 % by 
the appearance of a band at 2788-5 A using the 14*5 cm. cell with the liquid 
in the side arm at room temperature. jS-Picoline or 2 :6-lutidine in y-picoline 
could be detected doim to a concentration of 5 % by a change in the position 
of the ** cut off " using the 14-5 cm. cell and liquid at room temperature although 
no )?-picolme or 2 ; 6-lutidine bands could be detected. The presence of 50 % 
of 2 :6-lutidine by volume in jS- and y-picoline does not produce any marked 
change in the spectra of the picolines so that clearly the vapour spectra 
do not provide a convenient means for the detection of small amounts of these 
bases in the presence of homologues. 

Absorption Spectra of Solutions.—Fig. i, 2 and 3 show the molar 
extinction e plotted against wavelength expressed in A for solutions of these bases 
in o-i N sulphuric acid, o-i N sodium hydroxide and cyclohexane respectively. 
Certain relationships can easily be seen from these figures. Thus the molar ex¬ 
tinction coefficient of these bases in acid solution is approximately twice that in 
alkaline solution and is least in the hydrocarbon solvent. Hartley long ago com¬ 
mented on the sharper spectra of an aqueous solution of pyridme hydrochloride 
compared with pyridine, while Purvis reported that acid caused a marked per¬ 
sistence in the spectrum of pyridine and a-picoline. The sequence of the main 
peaks arranged in the order of decreasing wavelength is approximately 2 : 6- 
lutidine, a-picoline, )3-picolme, pyridine and y-picoline in all the three solvents, 
and the magnitudes of the maximum extinction coefficients follow the same 
order. AH the spectra studied except 2 :6-lutidme show the greatest amount 
of fine structure in o-i N sodium hydroxide solution while the lutidine exhibits 
most structure in cyclohexane. The shift in the position of the peak to 
longer wavelengths on substitution in the ring in the sequence, pyridine, a- 
picoline, 2 :6-lutidine, is similar to that shown by the series benzene, toluene, 
dimethyl benzenes, but >-picoline is an exception as it does not exhibit a shift 
compared with pyridine. 

Estimation of S-, v-picoline and 2:6-lutidine in Mixtures.—A method 
for estimating pyridine based on the measurement of the absorption spectra of 
acid solutions has been described by Hofmann and by Le Rosen and Wiley.*® 
Study of Fig. i reveals that 2 : 6-lutidine can readily be estimated in a jS-picoline 
fraction by measuring the absorption at 2800 A of an acid solution. The values 
of the differences in extinction coefficient (g./l.) in o*i N acid and o*i N alkali 
solutions for these bases are plotted in Fig. 4. A very simple method of analysis 
of the j5-picoline fraction which takes advantage of the occurrence of isobestic 
points h^ been developed based on the data in Fig. 4. Thus if measurements 
of the absorption are made at 2416 A the difference between the extinction co¬ 
efficients of acid and alkaline solutions so found is independent of the jS-picoline 
concentration while at 2780 A it is independent of the y-picoline concentration. 
As this technique of analysis which employs the difference betw’een the ab¬ 
sorption of the unknown in acid and alkaline media does not appear to have 
been very widely used, a short account of the procedure as applied to mixtures 
of the three bases jS-, y-picoline, and 2 : 6-lutidine will be given. 

Anal^'^es can be ma d e rapidly by this spectroscopic method and to take full 
advantage of the speed of thJs method it was decided to cany out measurements 
on a volume basis. To obtain the necessary calibration points o*i ml. of each 
pure base was made up to 100 ml. with distilled water and each of these solutions 
were further diluted by taking i ml. of the appropriate dilute solution and dilut¬ 
ing to 100 ml. with O-I N sulphuric acid. The alkaline solutions were prepared 
similarly except that 2 ml, of the dilute aqueous solution were made up to 100 ml. 

^ Hartley, /. Chem. Soc., 1885, 47, 685. 

*® Purvis, ibid., 1909, 95, 294, 

” Hof m a nn , Arch, Hyg, Baht., 1942, 128,169. 

** Le Rosen and Wiley, AtioI. Chem., 1949, 21,1175. 
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Fig. I. —Solution spectra, solvent 
0*1 N sulphuric acid. 


Pyridine- - - - - 

a-Picoline- 

j8-Picoline. 

y-Picoline—,.— 
2 : 6-Lutidine— 



Fig. 2. —Solution spectra, solvent 
o-i N sodium hydroxide. 
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y-Picoline—, 
2: 6-I;atidin( 
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with o-i X sodium hydroidde. The absorptions were then measured at 2416, 
2646 and 27S0 A and the observed optical densities were multiplied by me motors 
100 and 50 for the acid and alkaline solutions respe<^ively to calculate the ex¬ 
tinction coeficients equivalent to a base concentration of i ml./l. of solution. 
The difierences between these extinction coefficients for acid and alkaline solu¬ 
tions so obtained are recorded in Table IV, To minimize errors it is desirable 


TABLE IV.— \Va\’elengths and the Differences between 
THE Extinction Coefficients (conc. i ml./l.) in Acid and 
Alkaline Solutions 


A 

1 

/ 9 -picoline 

y-picoline 

2:6-lutidine 

2416 

0 

14*2 

-2*8 

2646 

25-55 

—2*2 

27*9 

2780 

0*55 

0 

40*0 


to carry out this calibration with each spectrometer employing the same volu¬ 
metric apparatus that is to be used for the estimation of the unknown. 

In a typical analysis the unknown mixture was diluted to a concentration 
equivalent to o*oi ml. of base per litre in the acid and alkaline solutions and 
the optical densities measured and the results shown in Table V obtained. 


TABLE V 


A 

Optical Density 
AcidSoln. 

Optical Density 

Acid Soln. 

Difference in 
Extinction Coefficient 
(iml./!.) 

24x6 

0*140 

0*103 

3-7 

2646 

0*412 

0*241 

17*1 

2780 

0*162 

0*027 

13-5 


The concentration of the three bases in the unknown sample were calculated 
by successive approximation. Let x, y and z be the volume fractions of j8- 
picoline, y-picolme and a : 6-lutidine respectively and let yv ^2. >'2* H 

be the first and second approximations to these quantitives. The first approxim¬ 
ation to the 2 : 6-lutidine concentration is given by 13*5/40*0 since at 2780 A, 
the y-picoline has a zero difiEerence value and the jS-picoUne difiEerence is so small 
(0*55) that it can be ignored to a first approximation, hence Zj = 0*3375. At 
2416 A, j3-picoline has a zero dffierence so that eqn. (i) applies 

3*7 = hence y^ = 14*2 y^ — 2*8 x 0*3375 = 0*3274 (i) 

At 2646 A, eqn. (2) applies 

17*1 « 25*55 jiTj -I- 27*9 -Ti - 2*2 

= 25*55 + 27*9 X 0*3375 - 2*2 X 0*3274, . . (2) 

hence Xi =» 0*3287. 

Using this value of Xi the second approximation to the 2 :6-lutidine con¬ 
centration Z2 is calculated by the equation 

13-5 = 40*0 «2 + 0‘55 =* 4^-0 ^8 + 0'55 X 0*3287, 

hence Za == 0*334. 

By sub^ituting z^ in eqn. (i) in the place of z^ the second approximation to 
the y-picoline concentration, y*, is found to be 0*327. Substituting Zg = 0*334, 
y* 0*327 in the place of Zi ^d in eqn. (2) yields Xa = 0*333. There is no 
necessity to carry the approxinia'aons further and these values are accepted as 
the final analysis. Table VT gives the results obtained in the analysis of various 
synthetic mixtures by this method. 

The solutions wh^e one component is in large excess were chosen to serve 
as a fairly exacting test of the method, and as can be seen the results for these 
solutions appear to be as accurate as for the other mixtures. The wavdengths 
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2416, 2646, 2780 A were selected as being most suitable for mixtures coutainmg 
approximately equal proportions of each base but other wavelengths may with 
advantage be used if certain components are in excess. Thus while the wave¬ 
length 2780 A is probably always the best choice for the estimation of 2:6- 
lutidine yet 2620 A may be more suitable for the estimation of j9-picoline when 
2 : 6-lutidine is in excess, while a wavelength of 2491 A may be the most suitable 
for the determination of y-picoline under these conditions. 

TABLE VI.— Analysis of y-PicoLiNE, 2 : 6-Lutidine Mixtures. 

All Percentages are by Volume 


Synthetic Mixtures (%) 

- Analytical Results (%} 

Differ^oes (%} 

^.picoline 

y-picoliae 

2:6- 

Lutidine 

^-piooline 

*2 

i 

2:6- 

Lutidine 

^>piooline 

y-picoline 

a: 6- 
Lutidine 

33*3 

33*3 

33*3 

33*3 

32*7 

33*4 

0*0 

—0*6 

+0*1 

60‘0 

20*0 

20*0 

59*1 

i 8*2 

21*1 

—0*9 

— 1*8 

H-i-i 

20*0 

6o*o 

20*0 

19*0 

59*3 

20*4 

— 1*0 

-0*7 

+0-4 

20‘0 

20*0 

6o*o 

i 8*7 

19*4 

6o*8 

-1*3 

—0*6 

+0-8 

90*0 

10*0 

— 

90*1 

7-7 

— 

-fo*i 

-2*3 

— 

10-0 

go-o 

— 

9-6 1 

88*7 

— 

-0*4 

-1*3 

— 

9o«o 

— 

10*0 

91*3 

— 

10-3 

+1*3 

— 

+0-3 

10*0 


90*0 

8*3 


89*9 

-1*7 


— 0*1 


Pyridine and a-picoline will interfere with the determination of j8- and y- 
picolme by this method and these bases should be removed by fractional dis¬ 
tillation before carrying out an analysis of the jS-picoline fraction. 

Dissociation Constants from the Absorption Spectra.—^TableVII taken 
from a recent paper by Brown and Barbaras shows some of the values which 
have been reported for the dissociation constants of these bases. 


TABLE VII 


Base 

X io» 

Ref. 

Pyridine 

2*24 

24 



25 


3*0 

26 

a-Picoline . 

10*5 

24 


45 

25 


32 

26 

jS-Picoline • 

II 

26 

y-Picoline . 

II 

I 26 


The dissociation constants have now been redetermined by studying the 
change of absorption spectra with pH.* The appropriate expression for the 
calculation of the logarithm of the thermodynamic dissociation constant 
from absorption measurements is 

logic =* pH -{- logic iiCjjr -|- logic -2-.* _|- log y + 

where cj, and €3 are the extinction coefiScients for the base in acid, buffered 
and alkaline solution respectivtiy, iCfy is the ionic product of water and is 

Brown and Barbaras, J. Amer, Chem, See,, 1947, 69, 1137. 

“ Barron, /. Biol, Chem,, 1937. *21, 313. 

Goldschmidt and Salcher, Z, physik, Chem,, 1899, 29, 114. 

Constram and White, Amor, them, J,, 1903, 39, 46. 

♦ See Flexser, Hammett and Dingwall» also Hughes, JdOinek and Ambrose 
who obtained a value of 1-32 x lo-* for pyridine at 20 db 2® C. 

Flexser, H amm ett and Dingwall, J, Amer, Chsm. Soc,, 1935, 57, 2103. 

B 
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the activity coeificient of the baue ion. The value of log was calculated 
from the approximate Debye-Hiickel expression. 

where I is the ionic strength, z the valency and A has the following values for 
water, 0*500 at 15° C, 0*509 at 25® C and 0*514 at 30° C. 

Solutions, were made up by volume and the pH of the solution buffered with 
a sodium acetate -f- acetic acid mixture (approximately o-oi M) was measured 
■with a glass-saturated calomel electrode. The pH meter was standardized 
with iI/20 potassium hydrogen phthalate and sodium borate buffers. The 
temperature of the buffered solution was determined directly after measuring 
the extinction coefficient and the appropnate values of A and logio (see 
Haxned and Owen =®) w ere used in the calculation. In order to obtain the 
highest accuracy the pH was chosen so that the value of (€* — e^) /(e, — 
was near unity. 

The results are given in Table VIII. Substitution of methyl groups in this 
series clearly increases the dissociation constant. 

TABLE VIII.— ^Thermodynamic Dissociation Constants of Some 
Pyridine Homologues 


Pyridine 


a-Picoline 


j?-Picoline 


y-Picoline 


2:6- 

Lutidine 


Temp, 
of Som. 
®C 


pH 

^5*5 

1*074 

5*i6 

25-3 

1*065 

5*i6 

25*3 

1*077 

5*i6 

25*2 

1-378 

5*84 

25*2 

1 1*406 

5*84 

25*2 

1 1*407 

5*84 

24*6 

1*005 

5*72 

24*6 

0-985 

5*72 

24*6 

1*000 

5*72 

24*3 

1*726 

5*86 

24*3 

1*710 

5*86 

24*3 

1*753 

5*86 

26*7 

3*207 

6*o6 

26*7 

3*330 

6*06 

26*7 

3-356 

6*o6 


X IO» 


Mean 

Thermo¬ 

dynamic 

Constant 
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tiai^ lor the detemunatiOM of the -water contents. Mr. R. Handley 
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THE ULTRA-VIOLET ABSORPTION SPECTRA 
OF FLUORINATED TOLUENES 


By W. T. Cave and H. W. Thompson 
Received ^oth June, 1950 

The absorption spectra of some fluorinated toluenes in the vapour phase 
have been measured in the near ultra-violet. Benzotrifiuoride, m- and ^-fluoro- 
benzotrifluoride, 0-, m- and ^-fluorotoluenes have been studied. A vibrational 
analysis has been made in each case, and although this is incomplete, important 
deductions about the values of molecular vibration frequencies have been made. 
The latter have been correlated •with values obtained from the Raman spectra. 
The most intense progression for each molecule appears to involve a frequency 
interval which is characteristic of the structural type, and this might be useful 
tor diagnostic purposes with the 0-, w- and ;^-isomers. 


Several workers have recently measured the ultra-violet absorption 
spectra of polyatomic molecules using high resolution, and the theory of 
the electronic and vibrational transitions permitted with these molecules 
has become more systematized (Sponer and Teller ^). One class of mole¬ 
cules of particular interest is the substituted benzenes. Following earlier 
detailed analysis of the spectrum of benzene in the middle ultra-violet, 
Sponer and Wollman * have measured chlorobenzene, and Wollman ® 
has studied fluorobenzene. Recently, Sponer, Hall and Stallcup * have 
given results for 1:3 : 5-trichlorobenzene and 1:3: 5-trimethylbenzene, 
and Sponer® has discussed the electronic transitions involved with the 
tri-substituted benzenes. The spectrum of toluene was studied by 
jMasaki,® by Ginsburg, Robertson and IMatson ’ and by Savard,® who also 
examined the isomers of cresol. 

Following work in this laboratory on the infra-red spectra of some 
fluorinated toluenes (Thompson and Temple®), we have now analyzed 
the ultra-violet band systems of some of these substances. Although 
a complete interpretation of all the bands in the spectra cannot be 
suggested, several useful results have emerged. The present paper in¬ 
cludes results for benzotrifluoride, m- and ^-fluoro benzotrifluoride, 0-, m- 
and ^-fluorotoluenes, all measured in the vapour phase. 

Experimental 

The spectra were first measured under low dispersion using a Hilger E 315 
spectrograph giving about 10 A/mm. at 2600 A, and then with higher dispersion 
using a large quartz Lithow spectrometer giving about 3 A/mm. at this wave¬ 
length. The absorption cell was a cylindricsd quartz tube i metre in length, 
to which a side arm was attached for coimection to the sample and to a pumping 
system. The source of continuous radiation was a hydrogen discharge tube. 
Owing to the large variation of extinction coefficient with wavelength it was 
necessary to take many exposures for each substance using a series of pressinres. 

1 Sponer and Tdler, Rev. Mod. Physics, 1941, 13, 75. 

® ^oner and Wollman, J. Chem. Physics, 1941, 9, 816. 

® Wollman, ibid., 1946, 14, 123. 

® Sponer, Hall and Stailcup, V. Henri Mem. Vol. (Li^ge, 1948), p. 211. 

® Sponer, Chem. Rev., 1947, 4 *f 2S1. 

«Masaki, Bull. Chem. Soc. Jap., 1936, n, 346. 

’ Matson, Ginsburg and Robertson, /. Chem. Physics, 1945, 13, 309. 

® Savard, Ann. Chim., 1929, li, 287. 

»Thompson and Temple, J. Chem. Soc., 1948, 1432. 
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The latter varied from o-i mm to 20 mm. An iron arc was superposed for wave¬ 
length calibration, and most of the bands were measured from two or more 
plates taken at different pressures. 

The compounds "w ere supplied by Imperial Chemical Industries Ltd. (General 
Chemicals Di\dsion). and were re-distilied before use. The boiling points were 
as follows : benzotnfluonde 102*5“ C, ^^-fluorobenzotrifluoride 105“ C, »w-fluoro- 
benzotrifluoride, 100*5® C, ^-fluorotoluene 116*5® C, w-fluorotoluene 115*5® C, 
o-fluorotoluene 114*5® C. Freedom from small traces of the corresponding 
isomers was established, where relevant, by the infra-red spectrum. 

Benzotrifluorlde. **—The system of bands extends from about 2700 A to 
2400 A. Most of the bands degrade to the red, i.e., have a sharp edge on the 
higher frequency side; others are broader and more diffuse. For uniformity 
the centre of each band has been measured. At the lowest pressures used there 
were still strong absorption bands, the lowest frequency of which was 37822 
cm.-i. 

The positions of the bands are given in Table I, and part of the spectrum is 
sho^vn in Plate I. In Fig. i the arrangement of bands is depicted in order to 
clarify the interpretations given, but although the significant variations of in¬ 
tensity are brought out in this diagram; the intensities shown are not meant to 
be quantitative. 

Benzotrifluorlde , 



S8000 
Fig. 1. 




The molecule can be regarded to a first approximation as belonging to the 
symmetry group and the electronic transition will be with a transition 

moment in the plane of the ring and perpendicular to the G—(CFs) bond. It 
represents an allowed ” transition, and the o—o band can be confidently 
fixed at 37822 cm.-K Table I gives an interpretation of most of the bands in 
terms of vibrational levels in the upper (<*»') and lower (a>") states. A satisfactory 
explanation of nearly all the bands, which is plausibly consistent with the in¬ 
tensities, is obtained using the following values ; 

315. 539. 598. 750. 927. 961. 1035 cm.-» 

«" 142, 337, 623, 660, 767, 1006 

Values fouad by Pendl aad Radiagerfor the Raman intervals ate 139 (7), 
339 (5). 396 {1/2), 618 (3), 636 (1/2). 771 (8). 839 (o), 1005 (2). 1027 (4). 

There is, therefore, dose agreement between the strong Raman intervals and 
the values of obtained from the ultra-violet spectrum. We might expect 
these strong Raman intervals to be associated with the symmetrical vibrations, 
although no measurements of the depolarization factors have been made. The 
appearances of the bands suggest that 337 («»") may correspond to 315 (a/), 

* During this Discussion we learnt that this substance had recently been 
examined by Sponer and Lowe (/. Opt. Sci., 1949, 39, 840). Our results agree 
closely with those given there. 

Pendl and Raidinger, 1939. 
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and 1006 (ft)") to 927 (ft)'). This last value of 927 cm 3S the strongest recurrmg 
interval m the excited electronic state and leads to a well-marked progression 
and this vibration mvolves a S3mimetncal breathing mode of the carbon ring 
skeleton It is also likely that the three ground state frequencies 623, 660 and 
767 cm correspond to 539, 598, and 750 cm.-^ in the upper electronic level 


TABLE I — Benzotrifluoride 


i»(cin - 1 ) 

Interpretation 


Interpretation 

36487 

« — 1006—337 

750 

*+927 

670 

— 1006—142 

782 

5+960 

706 

— 1006—75—36 

818 

*+1035-36 

741 

— 1006—75 

858 

*+1035 

778 

5 — 1006 — 36 

38892 

— 

816 

5 —1006 1 

39067 

*+927+315 

36980 

*-767-73 

102 

e+1035+315-75 

37020 

5 — 767—36 

139 

*+1035+315-36 

055 

e-767 


f *+1035+315 1 

092 

5—623—75—36 

175 

■i *+ 750+598 >■ 

126 

f e—66o—^6\ 


L*+ 927 + 539—75 - 36 J 

\e-623-75f 

211 

*+927+539-75 

162 

/ 5 —623—36\ 

250 

e+927+539—36 

\5-660) / 

287 

*+927+539 

199 

5—623 

39319 

*+960+539 

305 

«- 337-14*-36 

350 

*+927+598 

340 

e—337-142 

389 

5+960 + 598 

375 

*-337-75-36 

424 

*+927+750-75 

413 

e- 337-75 

463 

/e+960+750—75 + 

447 

*-337-36 

+*+927+750-36/ 

4^5 

^-337 ^ 

500 

*+927+750 

540 

5—(2 X142) 

535 

5+960 + 750 

571 

5—142—75—36 

569 

5+927+960 — 142 

605 

5-142-75 

604 

/e+(2x927)-75) \ 

644 

5—142—36 

\ 5 +( 2 X 96 o) — 142 / 

680 

5—142 

640 

/«+ 927 + 96 o— 75 + 

711 

«- 75-36 

\ 5 +(2X927)-36 / 

745 

«~75 

675 

5 +(2X927) 

782 1 

5—36 

71a 

5+927+960 

37822 

« 

746 

5 +(2X960) 

37867 


783 

e+927+1035 

— 

8x9 

5+960 + 1035 

904 

— 

39996 

5 +( 2 X 927 )+ 3 I 5 

37998 

*+315—142 

40031 

— 

38030 

*+315-75-36 

065 

*+ (2 X 927)+539 -142 

064 

*+315-75 

lOI 

«+(2 X 927)+539 -75 -36 

lOI 

*+315—36 

139 

*+(2 X 927 j+ 539-75 

137 

*+315 

176 

*+( 2 X 927 )+ 539-36 

185 

*+539-142-36 

212 

«+( 2 X 927)+539 

218 

*+539-142 

246 

*+927+960+539 

251 

286 

*+539-75-36 

*+ 539-75 

280 

/e+( 2 X 927 )+ 598 + 

+*+( 2 X 96 o)+ 539 / 

323 

*+ 539-36 

316 

5+960 + 927 + 598 

361 

*+539 

355 

*+(2 X 927 )+ 73 o -75 

385 

*+598—36 

389 

«+ (2 X 927)+750 —36 

420 

*+598 

426 

e +(2 X 927)+750 

502 

*+750-75 

462 

*+927+960+750 

536 

*+750-36 

499 

— 

573 

*+750 

533 

*+(3x927 )-75 

611 

,*+927-14* 

568 

*+(3x927)—36 

644 

/«+96o— 14a \ 

602 

*+(3X927) 

1«+927 - 75 —36/ 

638 

5 +(2X927)+960 

676 

f»+ 96 o- 75 - 36 \ 

672 

«+ 927 +( 2 X 96 o) 

+*+927-75 / 

708 

«+(3x960) 

711 

/«+ 927 — 36 \ 

+*+960—75/ 

I40744 
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The small differences 36 cm.-i and 75 cm.-i are less easy to explain. They 
may arise from v v transitions, but both on grounds of relative intensity and 
also from a consideration of the frequency scheme as a whole this does not seem 
satisfactorv. They always arise in the interpretation of bands lying just to the 
longer wavelength side of the main transitions, as ]f to correspond to low vibra¬ 
tion frequencies in the ground state. This matter might be further elucidated 
by studjdng the effect of temperature on the relative intensities of the bands. 
The calculated positions of the bands given in Table I usually agree with the 
measured values within a few cm."h w'hich is as close as might be expected in 
view’ of the diffuse nature of man3^ bands. 

jP-Fluorobenzotrifluoride.—^The band system extends from about 2700 A 
to 2400 A. At longer wavelengths the bands clearly degrade to the red, but 
below 2600 A the}’ become diffuse, making it difficult to fix their positions very 
preciselj*. The measured positions are given in Table II, and the spectrum is 


TABLE II.— ^-FLUOROBENZOTRIFLUORIDE 



Interpretation 


Interpretation 

36890 

,-837-50 

449 

_ 

37003 

,-837-25 

38475 

— 

029 

<-837 

508 

— 

173 

« —642 —50 

532 

— 

199 

^ — 642 — 25 

552 

— 

224 

e—642, 

583 

<54-792-75 

270 

e—596 

609 

*+792-50 

60S 

«-i 85-75 

633 

*+792-25 

631 

185—50 

658 

tf+792 

657 

« —185—25 

693 

*+538+283 

681 

—185 

852 

— 

746 

— 

876 

— 

768 

— 

896 

^4-1030 

791 

«-75 

917 

— 

816 

s—50 

38939 

*+(2x538) 

841 

fi-25 

39051 

— 

37866 

e 

076 

— 

38068 

^-{-283-75 

097 

148 

^4-1231 

104 

fi-i-283—50 

172 

10304-283 

126 

e4-283—25 

194 

^4-7924-538 

149 

s-f-283 

451 1 

^4-(2X792) 

261 

— 

659 

— 

282 

«+4 i6 

690 

e+1030+792 

310 

331 

*+538-75 

729 

f (*+(2x792)+283). 

\ {*+792+(2x538) 

358 

*+538-50 

925 

«+{2XI030) 

381 

*+538-25 

39967 

*+792+1030+283 

404 

e+538 

40003 

*+(2x792)+538 

424 


247 

*+(3x792) 


depicted in Plate I and Fig, i. As with benzotrifluoride, the symmetry class 
must be approximately leading to an “ allow^ed ** transition — B^. The 
O—O band lies at 37866 cm.-^, and although in this case some bands cannot be 
interpreted unambi^ously, several definite vibrational intervals can be seen 
Plausible values whidh give a good fit for the important bands are: 

€o' 283, 416, 538, 792, 1030, 1231 cm.-i. 
to" 185, 596, 642, 837 cm.-i. 

The marked progression is associated with the interval 792 in the excited elec¬ 
tronic state. Ra m a n data are not available for comparison with these results. 

With this compound, too, there are satellite bands lying 25, 50 and 75 cm.-^ 
to the lower frequency side of the main bands. These may arise from v 
transitions, but this interpretation seems improbable. 

There is a close parallelism between the spectra of /)-fluorobenzotrifluoride 
and ^-cresol, measured by Savard ® A fresh analysis of Savard’s results suggests 
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that for /)-cresol, frequencies in the excited state are 419, 808 and 1187 cm.-^ 
and probably also 210 and 1268 cm.-^ 

m-Fluorobenzotrifluoride. — The band system extends from about 
2750 A to 2480 A. It is shown in Plate I, and diagrammatically in Fig. i, 
and the positions of the bands are given in Table III, At the longer wavelengths 
the bands degrade to the red, but at higher frequencies they become diffuse. 
The strong band at 37355 cm.“^ is taken as the o—o transition. 

The most striking progression in the ^cited state is associated with a vibra¬ 
tion interval of 963 cm.-^, and another prominent interval is 298 cm.-i. Satis¬ 
factory explanation of the main bands can be achieved by assuming the following 
values : 

298, 730, 843, 963 cm.-i. 

326, 756, 911, 1009 cm.“^ 

At the shorter wavelength side of the main bands of the leading progression 
there occur two bands lying about 40 and 80 cm.“i from the main band. Here 
again, an interpretation in terms of v u transitions, though possible, does not 

TABLE III.— Fluorobenzotrifluoride 



Inteipietatioa 

i'(cm.-i) 

Inteipretation 

36270 

«— 1009—80 

237 

^+963—80 

307 

fl —1009—40 

38279 

<+963—40 

346 

e —1009 

318 

<+963 

444 

e—911 

350 

— 

599 

<-736 

388 

e+963+730—(2 X 326) 

36989 

fi—326—40 

535 

^4-963+298—80 

37029 

^—326 

574 

^4-9634-298—40 

067 

fi —(2X 125)—40 

618 

^4-963-1-298 

103 

tf--(2XI25) 

668 

— 

176 

— 

718 

« 4 - 963 -f 730—326 

230 

e —125 

878 

« 4 ‘ 9634-(2 X 298) —40 

277 

fi—80 

915 

« 4 ‘ 963 -f( 2 X 298 ) 

314 

—40 

38964 

^4-963-1-730—80 

37355 

e 

39005 

046 

e+963+730—40 
e+963+730 

37380 

— 

163 

e+963+843 

518 

— 

203 

e+(2x963)—80 

577 

e-l-298—80 

240 

e+(2X963)—40 

615 

c4‘298—40 

278 

e+(2x963) 

653 

^-[-298 

312 

(8+963+730+398 —40) 

699 

— 

347 

(8+963+730+298) 

749 

— 

544 

(8+ (2 X 963)+298—40) 

824 

^-{-(2x298)—125 

580 

(<+(2x963)+298) 

877 

e-i-(2X298)—80 

627 

— 

916 

c-f(2X298)—40 

680 

(<+(2 X963)+730—326) 

37952 

tf4-{2X298) 

874 

(<+(2 X 963)+(2 X 298)) 

38000 

«4-730—80 

39928 

— 

046 

« 4 - 730-40 

40014 

8+(2X963)+730 

085 

198 

«+730 

^4-843 

242 

<+(3X963) 


seem to agree with the observed intensities. Another interval of about 125 
cm.-i may be a frequency in the ground state, though this may be the com¬ 
bination (40 + 80). 

Raman data for comparison with the above are not available. However, 
a re-examination of Savard's results with w-cresol reveals similarity, and the 
latter suggests excited state intervals of 423, 693, 963, and 1199 cm.“^. 

p-Fluorotoluene.—With this substance the variation in the absorption 
coefficient with wavelength is at times so rapid that many exposures at different 
pressures were required to obtain the full details of the spectrum, and using the 
higher pressures which axe necessary to develop some of the weaker bands, the 
more intense bands become so broad as to produce serious overlapping which 
obscures other features. 
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The band system extends from 2S00 A to 2400 A, and most bands appear 
to degrade to the red. It is shown in Plate II and depicted in Fig. 2, although 
it must be emphasized again that the intensities shown are not quantitative. 
Many of the bands occur in pairSj having the appearance of doublets, but the 
relative intensity of the component of such a pair is variable, and the doublet 
appearance may be accidentsd. 

The symmetry class is Ca*,. and the allowed transition gives a 0—0 band at 
36876 cm.-i. The positions of the observed bands are given in Table IV from 
which a few very weak bands have been omitted. The analysis is complicated 
in this case, not only by the larger number of bands, but also because of an 
ambiguity in the allocation of frequencies. Thus (398 -f- 794) ^ ^^94* which 
might mean that the strong interval 1194 is not associated with a fundamental 
vibrational interval. However, it is certain that the most prominent progressions 
are associated with a vibration frequency m the excited state of 794 cm.-^, 
and consideration of the intensities and combinations suggests that 1194 cm.-^ 
is another strong frequency in the upper state. A good interpretation of all 
except a few wei bands h^ been obtained with the following values : 

o)' 185, 398, 584, 794, 843. 1014, 1194, 1229 
w" 217, 311, 337, 453, 641, 825, 844, 1156. 

The Raman spectrum was measured by Kohlrausch and by Paulsen and 
the followmg intervals found ; 




All the frequencies for the ground state {ca") suggested by the present results 
agree with strong Raman intervals, except that there is no Raman interval 
corresponding to 217 and the Raman interval 311 is given as weak. As with 
the other compounds discussed above, there are groups of bands on the longer 
wavelength side of some of the main bands which cannot be explained con¬ 
vincingly. In the Table given, intervals of 40 and 96 cm."i are used in this 
connection. These bands may be associated with v transitions, but there 
are at times peculiar splitting phenomena and the intensities are irregular. 

There is a marked parallelism between the spectra of ^>-fluorotoluene and 
^^cresol. As stated above, a re-examination of Savard's data for the molecule 
gives the following frequencies in the excited state : 210, 419, 808, 1187 and 
1268 cm.-i, 

m-Fluorotoluene.—^Part of the spectrum is shown in Plate II, and Fig. 2 
depicts it diagrammatically. The band system lies between 2750 and 2400 A. 
It differs from those discussed above in tlmt most of the strong bands occur in 
pairs about 20*30 cm."^ apart, and with the longer wavelength component 
slightly the more intense. Also, at about 70 cm.-^ to the lower frequency side 

^ Kohlrausch, Sitzber Ahad. Wien., 1933, 142, 650. 

M Paulsen, ibid,, 1938, 147, 395. 
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y(caxu”i) 


Interpretation 


35636 

720 

8x0 

844 

940 

359891 

36000 / 
032 

051 

109 

140 

103 

205 

235 

333 

377 

423 

450 

468 

497 

539 

565 

595 

623 

659 

688 

751 

780 

797 

809 

821 

8311 

843/ 

852 

36876 


e—1136 
^—844—217 
e—825—217 
e—844—96 

c—844—40 

5—844 

5—825 

(e-453-311) 

5—641 —96 

(«-453-2I7). (e-(2X337)) 
5 — 641 
^-453-96 

^—453—40 

^-453 

5 —(2 X217) 

5—311—96 

«-337“40 

«~337 

«“3ii 

5—217—40 
5—217 
5—(2x96) 

5—96 


5—40 


5-1-185—96 

«+584 -453 

«H-i 83 


#+398-96 
#+398—40 
#+398 
#+794 -337 

(#+584-96), (e+794—311) 

{#+584—40) 

(#+584). (#+398+185) 

#+843—217 

#+794—96 

#+794—40 


#+794 


#+(2x398) 
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TABLE IV. — {continued) 


- 1 ) Interpretation 

719 e+843 

754 e+1194-311 

793 (s+1229—3II), (<+1014—96) 

821 {e+584+398-40) 

850 (<+1014—40), (<+1194—217) 

890 C-j-1014 

37973 (<+1194-96), (<+1014+398-311) 

38034 (<+1194-40) 

070 (<+1194), (<+794+398) 

105 (fi-fl229) 

123 («+ (2 X 794) —357). {«+843+398) 

159 {«+(2X794)—311) 

222 (<+794+584—40) 

258 (<+794+584), (<+1194+185) 

287 (<+1014+398) 

372 (e+(2 X 794)-96) 

425 (*+(2X794)-40) 

471 (<+(2 X 794)). («+ 794+ (2 X 398)), (<+1194+398) 

503 (<+1229+398) 

564 (<+(2x843)) 

617 

654 (e+1194+584) 

686 (<+793+1014), (<+1229+583), (<+1014+(2x398)) 

771 («+794+ii94—96) 

820 (<+794+1194—40) 

867 (<+794+1194). (<+(2 X 794)+398 ), (<+ii94+(2X398)) 

905 (<+794+1229), (<+(2 X1014)), (<+I229+(2 X 398)) 

946 (<+1229+843) 

38983 

39017 

040 

051 (<+(2x794) X 584) 

081 (6-1-11944-1014) 

II6 (64-12294-1014) 

184 

259 (<+(2X794)). (<+(2x1194)) 

280 (<+1229+(2X584)) 

298 (<+1194+1229), (<+1229+(3x398)) 

328 (<+(2x1229)) 

448 (e+794+i 194+584) 

39487 (<+794+1229+584) 

369 

604 

664 (e+(2X794)+ii94). (<+(2 X li94)+398) 

697 (<+(2 X 794)+I229) 

728 

758 (<+1194+(2x843)) 

834 

875 (<+794+1194+1014) 

39965 


40019 

061 (<+(4X794)). (<+(2x1194) + 794) 

096 (<+li94+(2Xloi4)), (<+(3 X 794)+843) 

244 (<+(4X843)) 

274 (<+(3 X 794 )+io 14) 

309 

443 (<+(3 X 794 )+ii 94) 

478 (<+ (3 X 794)+1229) 

322 {<+(2X1229)+1194) 

543 

642 

676 («+(2 X794)+1I94 +k>I 4) 
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y(cm.-l) 

Interpretation 

712 

(« + {2 X 794) + 1229+1014) 

756 

(«+794+I229+1014+843) 

852 

{«+(5 X 794). («+(2 Xii 94) + (2X794') 

892 

923 

947 

40985 

41024 

{«+{4 X 794)+843) 

061 

147 

197 

236 

{tf+(4 X 794)+ioi4) 

(e+(4 X 794)+ii94) 

41290 

319 

459 

494 

(«+{4X 794)+1229) 

633 

41672 

(«+{6 X 794)) 


of each main pair, there is another similar pair of somewhat lower intensity. 
The significance of this interval of 70 cm.-^ is not clear, since it does not ap- 
parentl}" produce other similar bands at 2 X 70 cm.-i below the main bands, 
certainly not of the intensity which might be expected from consideration of 
the Boltzmann factor. In Table V the bands have been grouped in pairs where 
relevant, the first member being underlined and taken as the main band location. 
The 0—0 band lies at 37398 cm.-^. 

The strongest inter^ is 965, which produces marked progressions, and 
represents an excited state frequency. A similar strong interval is 684 cm.-i, 
and other less certain values for fundamental frequencies in the excited electronic 
state are 1262, 282, 457 cm.-i. The last of these values is in some doubt, but 
helps to explain several combinations. 

From the bands to the longer wavelength side of 37398 cm.-i, values of 
TABLE V.—^Fluorotoluenb 


i»(ctn.“i) 

Interpretation 

36334 


359 

e—(2x520) 

395.423 

e—300S 

486,517 

^—726—184 

552 



r{e-736 -70). {«-(3 X 253)) 

606, 631 

(,-520-253) 


520 —184 — 70) 

673,703 

5 —726 

752 

?(«-{3 Xi 84)) 

878 

e—520 

889 

r(e-(2X253)) ^ 

\(fi-(2x184)-(2x70)) 

925 


36964 

(e-253-184) 

37033 

(,-(2x184)) 

37087 

(e-311) 

145.176 

(,-184-70) («—253) 

314,243 

(8-184) 

*^70 

373*5. 346. 368 

fi —70 

37398. 418, 431 

e 
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TABLE V— (continued) 



lateipretation 

486.494 

{e+694—520—70) 

535 

558,573 

(5+684—520) 

631 

(e+965—726) 

680 

(5+282) 

751.763.792 

{e+684-253-70) 

828 

(5+684—253) 

855.892 

(e+965-(2x253)). {e+457) 

924, 955 

(*+965-253-184) 

3S010, 032 

(e+684—70) 

38082, loS 

(«+ 684 ), (e+965—253) 

179, 208 

(e+965—184) 

39s. 318 

(e+965—70) 

363.381,393 

46a, 475 

{5+965), (5 + 684 + 282) 

495 * 510 

529. 541 


555 

59 S. 813 

(5+1261—70) 

659. 677. 685 

734 . 752 

(5+1261) 

783, 800 

828, 858 

(e+(2x965)-{2x253)) 

913 

981, 998 

(e+965+684—70) 

39049 » 071 

(tf+965+684) 

104, 141 

(*+965+1261—520) 

172, 201 

363,284 

(*+(2x965)—70) 

39330, 358 

(*+(2X965)) 

420 


554 

(*+965+1261-70) 

<^23, 650 

(*+965+1261) 

718, 747 

821, 846 

39968 

40014, 041 

Z06 

(*+965+ (2 X 684)) 

(e+(2 X 965 )+ 684 -i 84 ) 

(e+(2 X 965)+684) 

(e+{3X965)-i84) 

(*+(3X965)-70) ? 

(*+(3X965)) 

234 

394 f 327 

406 

589, 618 

(*+(2x965)+1261) 

688,713 

75*. 780 

(*+( 2 X 965 )+( 2 X 684 )) 

(*+{3 X 965)+457 - 70) 

(e+3 X 965)+457) 

40877, 910 

40979* 1008 

41081 

(e+965+(2 X1262)) 

(*+(3 X 965 )+ 684 - 7 o) 
(e+( 3 X 963 )+ 684 ) 

(*+(4x965)-184) 

4II49 

(e+ (2 X 965) + (2 X 684)+457) 

4II93 

(«+(4 X 965 )- 7 o) 

41263, 291 

(*+(4x965)) 

41365 

(«+(3 X 965)+I262—184) 

41437. 471 

(e+(3 X 965)+684+457) 

41551. 582 

(e 3x965)+126 


520, 726 and 1003 are obtained for ground state frequencies, and other 

likely values are 31 x, 184 and 253 cm.-^ The Haman spectrum measured by 
Kohlrausch gave the following intervals: 209 (4), 243 (8), 298 (2), 444 (00), 
512 (4), 527 (6), 552 (2), 728 {10), 775 (i)* 852 (00), 1003 (12), 1078 (3), 
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1152 (16). 1254 (3), 1266 (5), 1379 (3). The strongest Raman intervals 243. 
728, 1003 are therefore matched by the values found at 253,520, 726,1003 cm 

As already stated, a fresh analysis of the results of Savard for m-cresol gave 
as excited state frequencies 423, 693, 963, and 1199, which are closely parallel 
to those just given for m-fluorotoluene. 

0-Fluorotoluene.—^Part of the spectrum is shown in Plate II. Bands are 
found between 2750 and 2500 A, but the arrangement is much more complicated 
than with the other isomers. There is a marked similarity in the grouping of 
bands with that shown by Savard in the spectrum of o-cresol. It has been im¬ 
possible to obtain a convincing analysis 0/ the band system, but several points 
may be noted. There is some ambiguity about the choice of the o—o transi¬ 
tion, It almost certainly occurs at 37576 cm.-^ but just to the lower frequency 
side of this position there are several intense bands ^d a broad strong absorption 
region occurs 60-100 cm.-^ bdow 37576 cm.-^ which might be associated with 
the o—o transition. This broad absorption occurs similarly at 38200 cm.-^- 
just below the band at 38283 cm.-1, but at higher frequencies it appears to 
split, and the broad nature may in fact arise from overlapping bands. What¬ 
ever the exact position of the o—0 transition may be, it is certain that the 
most marked interval leading to a progression is 707 cm.-^, a vibration fre¬ 
quency in the exated state. Three members of this progression lie at 37576, 
38283, and 3S991 cm.-i. Another marked interval is 924 cm.and a third 
may be 1230 cm.-i. Combinations of these three intervals, corresponding to 
excited state vibrations, serve to explain many of the observed bands. From 
the bands at the lower frequency side of the o—o transition, prominent mtervals 
274 and 749 cm.“^ can be derived, which correspond to strong Raman frequencies 
(Kohlrausch) of 274 and 747. 


Discussion 

Along the series 0-, m-, p- for cresols or fluorotoluenes, the position 
of the o—o transition moves towards lower frequencies. W^ith ^-fluoro- 
benzotrifluoride, however, this regularity breaks down, and the alter¬ 
ation in electronic structure which must lead to this is a matter worth 

TABLE VI 


Benzene 

— 

923 

— 

— 

— 

Phenol 

783 

_ 

935 

, 

, -- 

Toluene 


— 

932 

— 

964 

Benzotrihuoride 

— 

— 

927 

— 

960 

Chlorobenzene 

— 

— 

931 

— 

965 

Flurobenzene 

— 

— 

915 

— 

966 

^-Cresol 

_ 

_ 

_ 

808 

__ 

^-Fluorotoluene 

— 

— 


794 

— 

^Fluorobenzotrifluoride. 

— 

— 

— 

792 

— 

w-Cresol 

..... 

_ 


- - 

963 

w-Fluorotoluene . 

— 

— 


— 

965 

w-Fluorobenzotrifluoride 

— 

1 

— 

— 

963 

o-Cresol 



_ 

704 


o-Fluorotoluene 




707 

*~ 


further theoretical consideration. Moreover, there are also some strOring 
variations in the absorption coeflolcients, which have been given dsewhere 
(Thompson and Miller 1®). 

Another interesting feature is noticed by comparison of the values 
of the most marked interval found in the progressions. Table VI gives 
the values for the above and related molecules. The values for chloro¬ 
benzene and fluorobenzene have been taken from the work of Sponer and 


Thompson and IVliUer, /. Chem. Physics, 1949 17, 845. 
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Wollmanii ® and Wollman,® and those of toluene and phenol from Ginsberg, 
Robertson and Matson.The excited state frequency 923 ^or benzene 
is associated with a totally symmetrical carbon ring vibration. Re¬ 
moval of the hexagonal symmetry causes this vibration to split into a 
set, of which several components have been detected in the spectra of 
some of the compounds given in Table VI. It seems significant, however, 
that the value of the strongest interval is characteristic of the type of 
substitution in the aromatic ring. Thus the ^-disubstituted benzenes 
have an interval close to 800 cm.~^; m-disubstituted compounds near 
965 cm.”^, and o-disubstituted derivatives near 705 cm.“^. Mono- 
substituted benzenes usually show more than one very marked progression 
interv'al, but examination of all the data shows that the interval near 
925 cm.-i is dominant. Indeed, the interval found near 965 cm.~i is 
variable in intensity. Its entire absence from the spectrum of phenol, 
where a lower frequency (783 cm.-^) appears is anomalous. 

This regularity in the value of the interval in the main progressions 
may provide a useful diagnostic criterion for the structural type, and 
suggests an interesting problem for theoretical consideration by the 
methods of analytical dynamics, similar to that discussed by Bell, 
Thompson and Vago,^® for other characteristic vibrations of substituted 
aromatic compounds. 

We are grateful to the Rhodes Trustees for a scholarship to one of us 
(W. T. C.). 

The Physical Chemistry Laboratory, 

Oxford, 

Ginsburg, Robertson and Matson, J. Chem , Physics, 1946, 14, 511. 

“ Bell, Thompson and Vago, Proc, Roy, Soc. A, 1948, 192, 498. 
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The name of natured b3rpsochroimc shifts is being given to h3rpsochromic 
shifts of the longest wavelength of absorption which are being produced by 
electronic factors alone and are thus independent of steric interference with 
coplanaiity. These natural hypsochromic shifts may be brought about in the 
same way as the natural bathochromic ones by appropriately choosing the basic 
molecular skeleton. They may be produced by increasing the size of a conjugated 
system, by alkylation, by ddtiydrogenation of a partially saturated system, 
by replacement of a double bond by a triple one and by internal strain. 
Numerous examples are quoted and it is shown that simple molecular orbital 
calculations account satisfactorily for the observed facts. 


The name of natural hypsochromic shift is here given to hypsochromic 
dufts of the longest wavelength of absorption which are brought about 
by electronic factors alone and the existence of which are thus completely 
independent of steric factors. In fact it is generally admitted that, in 
the^ absence of steric interference with coplanarity, electronic interaction 
which follow*, say, the incresise in size of a conjugated system, alkyl sub¬ 
stitution of such a system, dehydrogenation of a partially saturated system, 
etc., alwa3re bring about a bathochromic displacement of the longest 
wavelength of absorption. It is the aim of this communication to show 
briefly that this conception is erroneous, to point out different cases of 
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natural hypsochromic shifts and to show at the same time that simple 
molecular orbital calculations, carried out with the usual approximation 
of the linear combination of atomic orbitals, are able to account very 
well for the existence of this phenomenon. It has recently been shown 
by different people, some of whom are present here, that these approxim¬ 
ations are insufficient in more detailed studies.^ Nevertheless, they 
seem to account for the major features of the spectra of conjugated com¬ 
pounds * and it is interesting to note that they account for the existence 
of natural hypsochromic sh^ts as well as they do for the existeuce of the 
more usual bathochromic ones. This is undoubtedly a pleasant state of 
affairs as it is rather difficult as yet to carry out more complete calcula¬ 
tions for large oiganic molecules. The point to note is that though 
the importance of these calculations must not be overestimated, neither 
should they be underestimated. No details of these calculations are given 
here ; they may be found in the references quoted. The transition 
energies are expressed in teims of the exchange integral y in calculations 
in which the overlap integral has been included, and also in terms of the 
exchange integral p in calculations in which it has been neglected. 
American authors usually use these parameters in the reverse sense. 

We shall now consider the principal ways in which natural hypso¬ 
chromic shifts may be brought about. 

Increase in Size of a Conjugated System. — (a) Fulvalenes. The 
fact that the fulvalenes (I), (II) and (III) belong to a hypothetical group 

Q>=(Q 

(I) (II) (III) 


of compounds which have not been prepared does not diminish their 
theoretical importance. The energy of the N Vi transition in these 
three molecules * is respectively o*296y, o*357y and 0'395y. Its increase 
with the lengthening of the central chain of conjugated double bonds 
indicates that there should be a parallel progressive hypsochromic shift 
of their longest wavelength of absorption. The same thig should happen 
in the corresponding series of heptafulvalenes (IV), (V) and (VI) for which 

(IV) (V) 



the transition is equal lespectively* to o- 2637, o-3ooy, o*325y. These 

results are significant as they show that the series of diphenylpolyenes, 
represented by (VII), which exhibits a bathochromic shift of its longest 


(VII) 


' See e.g. Sponer and Nordheim, ONR Contract Ndon-ioy, T,O.L Report ; 
Craig, /. Ckem. Physics, 1949, 17. 1358 ; Proc. Roy. Soc. A, 1950, 200, 474 ; 
Jacobs, Proc, Physic. Soc., 1949, 62, 710 ; Coulson and Longuet-Higgins, Phil. 
Mag., 1949, 40, 1172. 

* See e.g. Klevens and Platt, J. Chem. Physics, 1949* * 7 » 47 ^ I Platt, J. Chem. 
Physics, 1949, 17, 484; Platt, ONR Contract N6ori-2o, T.O. IX Report. See also 
Pullman and PuUman, J. Chim. Phys., i949» 4<^» 212. 

* Pullman and Berthier, Compi. rend., I 949 » 229, 717. 

* Mayot and Pullman (in preparation). 
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wavelength of absorption with the lengthening of the conjugated chain 
of double bonds, should not be considered, as it generally is, as a typical 
example of a general rule. 

Though the fulvalenes (I), (II) and (III) are unknown, yet their benzenoid 
homologues, dibiphenylene ethylene (VIII), dibiphenylene butadiene (IX) and 
dibiphenylene hexatriene (X) are known. Calculations show ® that, contrary 



(VIII) (IX) 



(X) 


to what happens in the hypothetical compounds (I). (II) and (III), the V K, 
transition energy decreases steadily in the series (VIII), (IX), (X) (viz. o*620y, 
0-5157 and 0-4107). These compounds should thus show a bathochromic 
shift of Ajnax with the lengthening of the chain. In reality we observe a hypso- 
chroimc shiit on going from (VIII) (Amax. 460 mfi) to (IX) (Amax, 446 mu) and 
a bathochromic one on passing from (IX) to (X) (Amax, 555 m/z). It may thus 
be concluded that the hypsochromic shift is not in this case a natural one but is 
due to steric factors. Owing to the low bond order of its central double bond 
(0-673 in a hypothetical planar molecule) and to steric repulsion between the 
positions facing each other on the two sides of this bond, the molecule of di¬ 
biphenylene ethylene is partially twisted round the central linkage. This dimin¬ 
ishes its N Kj transition energy and makes it absorb at longer wavelength 
that it otherwise would. Actually it may be concluded from these and other! 
data (dipole moment, diamagnetic susceptibility, reduction potential) that the 
angle between the two halves of the molecule is ® approximately 60®. 

(6) Fulvenes.— Though fulvene (XI), benzofulvene (XII) and di- 
benzofulvene (!^II) are isomers respectively of benzene, naphthalene and 
anthracene, it is well known that, contrary to what happens in this last 
group of molecules, there is a steady hypsochromic shift of their Amax 
with increasing size of the molecule. This is in complete agreement 



with theory from which one evaluates the N transition as equal 
to 0-8607 in (XI), 0-8817 in (XII), and 1-0817 in (XIII).® Recently 
the spectra of these compounds have been accurately measured ’ and 
some more detailed theoretical studies carried out.® 

An interesting point concerns the dinaphthofulvene (XIV). Cal- 
c^tions show that this compound, which as yet has net been prepared, 
should show a bathochromic shift with respect to (XIII). This probably 
represents a general case : in all the series of molecules mentioned here, 
the natural hypsochromic shift should probably be limited to the first 
three or four members of the series and ^ould be replaced afterwards by 

® Bergmann, Berthier, P u ll m a n and Pullman, BidL Soi>. Chim, (in press). 

•Pullman, Pullman and Rumpf, Btdl. Soc, Chim., 1948, 15, 757. 

I Bergmann and Hirschberg, BvlL Soc. Chim. (in press). 

Pul lm a n , Berthier and Pullman, BuU. Soc. Chim, (in press). 
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a bathochromic one. The reason for this lies generally in a crossing-over 
of molecular orbitals.* The preparation and experimental investigation 
of (XIV) is being undertaken. 

A parallel natural hypsochromic shift should also occur in the series 
of the hypothetical heptafulvenes (XV), (XVI), and (XVII),* the 
transition energy being equal to o*66iy in (XV) and to o*862y in (XVII). 



(c) Quinodimethanes. —In agreement with experiment, which shows 
a continuous hypsochromic displacement of the longest wavelength of 
absorption with increasing size of the resonating system in the series of 
tetraphenyl derivatives of ^-benzoquinodimethane (XVIII) (orange), 
j?-naphthoqumodinaethane (XIX) (yellow) and j>-anthraquinodimethane 
(XX) (colourless), the calculations show a parallel gradual increase of 



the N Vi transition energy: this is equal to 0‘626y in (XVIII), to 
o726y in (XIX) and to O‘86oy in (XX).i® 

A similar development of colour is observed in the series of the cor- 
lesponding quinones : the yellow colour of ^-benzoquinone fades away 
when we pass to the ^-naphtho- and ^-anthraquinones. No exact cal¬ 
culations of energy levels have as yet been carried out for these com¬ 
pounds in which the longest absorption band is due to an iV ^ transi¬ 
tion. An interesting point is that, in conformity with the observation 
made in coimection with the hypo^etical dinaphthofulvene, the hypso¬ 
chromic shift seems to be limited to the quinones quoted, and is being 
replaced from naphthacenequinone (XXI) upwards by a steady deepening 
of the visible colour. 

(d) Benzoazulenes. —It has recently been shown by Plattner and 
co-workers, that while the i: 2-benzazulene (XXII) shows the “ normal" 
bathochromic shift of the longest wavelength of absorption with respect 
to azulene itself, the 5 :6-isomer (XXIII) shows on the contrary an 
unusual h3q)sochromic shift. 



(XXII) (XXIII) 


This evidently is another case of a natural hypsochromic shift and cal¬ 
culations are being carried out in order to verify this assumption. 


* Details w^ill be given in a paper on naphthofulvenes, in preparation. 

Pullman, Berthier and Pullman, BulL Soc, Chiw., 1949, 15, 450. 
< ^a*t ner, FUrst and Keller, Helv, chim, Acta, 1949. 33* 2464. 
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Alkylation.—^]VIethyl substitution which is considered as leading always, 
in the absence of stenc factors, to a bathochromic displacement of Amax 
may in fact give rise as well to natural hypsochromic shifts. An example 
of this is given by some methylated derivatives of azulene (XXI 



(XXIV) 


While the i- and 5-methylated derivatives show the usual bathochromic 
shift, the 2-, 4- and 6-methylated compounds manifest a hypsochromic 
shift. Calculations confirm the assumption that these are natural hypso¬ 
chromic shifts; the N transition energy which is equal to 0*804 P 
in azulene itself, to 0*755^5 in the i-methyl derivative and to 0*789^5 in 
the 5-methyl derivative is equal to o*8i4j8 in the 2-methyl derivative, to 
o*8r6j3 in the 4-methyl derivative and to o*823jff ^ “^Le 6-methyl derivative. 

The methylazulenes are the only known examples of natural hypso- 
chiomic shifts brought about by alkylation. Nevertheless it can be 
predicted that similar shifts should occur in compounds (XXV), XXVI), 
(XXVII). Experiments are being carried out in order to verify this 
prediction. 



(XXV) (XXVI) (XXVII) 

It may be shown that, as a general rule, natural h3rpsochromic shifts 
can only occur, by alkylation, in conjugated compounds containing an 
odd membered ring. One could thus not expect these to occur in the 
usual benzenoid molecules. The only thing that may sometimes be 
observed in this last group of compounds is the absence of the expected 
bathochromic shift. The I'-methyl-i: 2-benzanthracene (XXVIII) seems 

CH3 

000 

(XXVIII) 

to be an example of such a case. This compound absorbs exactly at 
the same wavelength as the parent unsubstituted hydrocarbon.^* It 
may be thought that this absence of the usual bathochromic shift is 
due to steric interference with the nearby meso position but in fact cal¬ 
culations show that the N V, transition energy of (XXVIII) has exactly 
the same value (0*9167) as that of the parent i: 2-benzatnthracene.^^ 
A normal bathochromic shift is predicted by calculation for all the re¬ 
maining methyl derivatives of this compound. (XXVIII) thus represents 
a particular case of a natural absence of a bathochromic sliift. 

«For details see Pullman, Mayot and Berthier, /. Chem. Physics, 1950, 18. 

257* 

“ Jones, Chem. Pev., 1943, 3^ 

Pullman, Berthier and Pullman, Acta Cancer, (in press). 
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Ddiiydrogenation.—Partial hydrogenation of an nnsaturated system 
generally leads to a h3rpsochromic displacement of the longest wavelength 
of absorption while the reverse is true for the dehydrogenation of a par¬ 
tially saturated system. That this is not always the case has recently 
been pointed out by Longuet-Higgins, Rector and Platt; thus while 
tetrahydroporphyrine (XXIX) absorbs somewhere near 8000 A, por- 
phyrine itself (XXX) absorbs only up to 6300 A. This is thus a special 
case of a natural h37psochromic shift produced by increasing the dimen¬ 
sions of a resonating system through dehydrogenation. The assmnp- 
tion is verified by explicit calculations which give the values of 0-3807 
and 0-391 y for the N transition energy of (XXIX) and XXX) 

respective!}’. 



(XXIX) (XXX) 


Replacement of a Double Bond by a Triple One.—^Though the re¬ 
placement of a double bond by a triple one increases the number of 
available mobile electrons the comparison of compounds such as st3nrene 
(XXXI) (Amax, 282 mfx) and phenylacetylene (XXXII) (Amax, 278 mpt) 
or stilbene (XXXIII) (Amax, 295 mjLt) and tolane (XXXIV) (Amax, 279 m^ti) 

(SCH 

(XXXI) (XXXII) 

(XXXIII) (XXXXV) 

shows that it is generally accompanied by a h3rpsochromic shift of the 
longest wavelength of absorption. In (XXXII) and (XXXIV) only one 
of file two pairs of the tt electrons of the triple bond conjugates in fact 
with the benzene nuclei. The hypsochromic shift observed has never¬ 
theless to be considered as a natural one as it is due to electronic factors 
alone, namely to the greater localization of the w electrons of triple bond 
in comparison with the v electrons of a double bond. This conception 
which has recently been stressed by Mof&tt and Coulson 1* and by 
Walsh is substantiated by the values of the ionization and reduction 
potentials of similar ethylenic and acetylenic compounds.“ Explicit 
calculations verify the natural character of the hypsochromic shift referred 
to as they indicate the following values for the iST transition energy: 
1-5897 in (XXXI), 1-8707 in (XXXII), 1-2377 in (XXXIII) and 1-5407 
in (XXXIV). 

Internal Strain—^There is a continuous hypsochromic displacement 
of the longest wavelength of absorption in the series cyclopropane 

“ Longuet-Higgins> Rector and Platt, ONR Contract N6on-2o, T.O. IX* 
Report. 

Moffitt and Coulson, Phil, Mag., 1947, 38, 634. 

” Walsh. Ann. Reports, 1947, 44, 32 ; Quart* Rev., 1948, 3, 73. 

^ Pullman, Berthier and Pullman, Bull. Soc. Chim., 1950, 17, 591. 

“ Berthier and Pullman, Compt. rend., 1949, 3 w 8 , 397. 
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(XXXV) (W, 1950 A), cyclobutane (XXXVI), cyclopentane (XXXVII). 
cyclohexane (XXXVIII) (Am»i, 1500 A). As all these compounds, with 
the exception of (XXXVIII), are planar this hypsochromic shift cannot 
be considered as due to steric factors in the usual sense associated with 
this expression but must be regarded as a natural one. In fact it is to 
be related to the existence of internal strain whose magnitude is decreasing 
^vith the increasing size of the molecule. Though no exact calculations 
of the distribution of molecular orbitals in any of these compounds have 
as yet been carried out, it has recently been shown that the strain is 



(XXXVII) (XXXVIII) 


associated with a bending of the C—C bonds, a deformation of the hybrid¬ 
ization ratio at the C atoms and an appreciable electronic delocalization. 
These phenomena being the most pronounced in the most strained cyclo¬ 
paraffins it is possible to understand qualitatively the origin of this 
hypsochromic shift. 

Conclusion*—After this short review it seems to be clear that natural 
h3q)sochroniic shifts have to be regarded as occurring, at least potentially, 
as frequently as the natural bathochromic ones. In fact, natural hypso¬ 
chromic shifts can be produced just in the same way as natural batho- 
chromic ones with an appropriate choice of the basic molecular skeleton. 
The examples of odd, five- or seven-membered rings show that the pro¬ 
perties of the more usual six-membered rings are exceptional and should 
not be used as a basis for too wide a generalization. It may be noted that 
even in the group of compounds composed of six-membered rings there 
IS a pronounced d^erence in the spectroscopic behaviour of the molecules 
usu^y represented by a Kekul6 structure and those containing crossed- 
conjugated double bonds. 

InsiUut du Radium, 

II rue Pierre Curie, 

Paris se, 

France, 

Coulson and Moffitt, Phil, Mag,, 1949, 40, i; Walsh, Trans, Faraday 
1949, 45, 179. 



THE ABSORPTION SPECTRA OF SOME SUB¬ 
STITUTED BENZENES AND NAPHTHALENES 
IN THE VACUUM ULTRA-VIOLET 


By V. J. Hammond,* W. C. Price,* J. P. TsEGANf and A. D. Walsh f 
Received August, 1950 

Vacuum ultra-violet spectra and ionization potential data are given for the 
molecules, benzene, toluene, ethyl benzene, isopropyl benzene, o-, w-, ^-xylenes, 
phenol, monofluorobenzene, benzotiifiuoride, o-, w-, ^-monofluorotoluene, 
w-fiuorobenzotrifluoride, naphthalene and z-methyl naphthalene. The effect 
of the nature and position of the substituting groups is discussed and is com¬ 
pared with the effect of solvents in solution spectra. The 2000 A absorption 
region of benzene and its derivatives is interpreted as a Rydberg transition. 


In order to understand the spectra of the substituted benzenes in the 
vacuum ultra-violet it is convenient to begin by describing the main 
features of the spectrum of benzene itself.^* * The modifications in the 
spectrum resulting from the substitution can then be related to the nature 
of the attached groups. 

The Spectrum of Benzene.—^The far ultra-violet absorption spectrum 
of benzene falls into four main regions (Fig. xa). The first of these con¬ 
sists of a diffuse region of absorption extending from 2070 to 1900 A. 
This is followed by an extremely strong region of continuous absorption 
having a maximum at about 1790 A. A third region between about 
1650 and 1370 A contains sharp bands which are Rydberg in type. The 
main bands form two Rydberg series converging to a limit representing 
the first ionization potential of benzene 

(^i 4,8 -> at 9*240 ± 0*005 Vf. 

Vo** = 74.495 ~ ~ 1-03)“ w = 3, 4, 5. . . (i) 

>^0" = 74.590 — R/(n — 0*45)® w « 3. 4 . 5 * • • (2) 

The short vibrational progressions accompanying the main electronic 
transitions indicate that the electron comes from a weakly bonding orbital 
and there is no doubt that it is of a «• type. It seems certain that the 
terms of series (i) are associated with ns atomic terms and those of series 
(2) with np terms and the quantum defects have been chosen so as to 
bring this out. In the origi^ paper by Price and Wood, the w =* 3, 4 
terms of series (i) and the « = 3 of series (2) were not included in the 
series. The reasons for this are now fairly clear. Firstly, the « 3 

and w =s 4 terms of series (i), because of the low value of n, have orbitals 
which are to a large extent still within the dimensions of the molecule. 
Secondly, because of their s character, these orbitals particularly penetrate 
the molecular framework. The first reason causes the frequencies to 
deviate appreciably from the Rydberg formula, which can only hold 
precisely for orbitals that are sufficiently large for the molecule to be 
considered as a point. The second causes the bands to become very 
diffuse as a result of internal collision of the excited electron with other 
electrons in various bonds of the molecule. Thus the « = 4 member 

* Wheatstone Laboratory, King's College, london W.C.2. 

t Chemistry Department, University of Leeds. 

1 Price and Wood, J. Chem. Physics, 1935, 3t 439. 

* Price and Walsh, Proc. Roy, Soc, A, 1947, 191, 22. 

t Original value of 9*190 V corrected for new value of electronic charge. 
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of series (i) is to be associated with a set of difEuse bands in the neighbour¬ 
hood of 61350 cm.-i (1630 A) in spite of the fact that the calculated series 
value is 62056 cm.-^ The w = 3 member is to be identified with the 



Al^orption s^ctra of benzene, naphthalene and derivatives. The 
ordinates indicate qualitatively the strength of the absorption and are not to 
be taken quantitatively. 

d^se absorption in the region of 2000 k [ca. 50.000 cm.-i observed, 
40210 ^.-1 calculated), the deviation from the series being about what 
mjght be expected for such a low l3ring orbital. The intensity of absorp- 
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tion is also about right, judging from the intensity of the higher series 
members. The w ~ 3 member of series (2) has been identified,* beyond 
any doubt, with a sharp band system near 1790 A, both by the structure 
of the band and by its accompanying vibrational pattern. The other 
interesting facts about series (2) are that its members retain their sharp¬ 
ness even down to the first member and that, apart from the first member, 
the series is generally weaker and less well developed than series (i). 
Both these facts are explicable if the excited states are associated with 
TTnp atomic orbitals. Such orbitals will not penetrate the plane of the 
molecule and be involved in internal electron collision which would cause 
the bands to become diffuse. Furthermore, since transitions of this type 
are forbidden in the atomic case, the series will be generally weak, especi¬ 
ally for the higher members where conditions are of a more atomic 
character. The assignment of the 2070-1900 A absorption to a Rydberg 
transition is not in disagreement -with the theoretical expectations for 
benzene, since the onty allowed transitions within the electron shell is 
Axo — Eitt which is to be identified with intense continuous absorption 
ha\'ing a maximum at 1790 A. 

The fourth region of the benzene spectrum lies below 1360 A. At 
about 1355 A a fairly strong band occurs which appears to correspond 
to the first resonance band leading to the ion [Xxyt, 3) and corresponding 
to an ionization potential of ca, 11*7 V. Diffuse absorption from electrons 
in the basic single CC and CH bonds appears to prevent all but the first two 
or three Rydberg bands converging to this ionization limit being observed. 

Mono-alkyl Benzenes.—^The absorption of toluene is illustrated 
diagrammatically in Fig. i 6. It can be seen that while the spectrum 
is stiU very similar to that of benzene it is shifted considerably to longer 
wavelengths. This shift increases from about 612 cm."^ for the near 
ultra-violet bands {ca, 2600 A) to about 2250 cm.~^ for the 1800 A maxima 
and to 3300 cm.-i for the higher Rydberg bands. It is thought to arise 
largely from polarization or charge transfer effects which particularly 
develop in the substituent in the excited state. Such effects are natur¬ 
ally greater the nearer the excited state to the ion. The explanation fits 
with the fact that similar shifts are observed in going from the gaseous 
phase to solutions in hydrocarbon solvents. For example, bands in the 
2600 A system of benzene are shifted by about 150 cm.“^ to long wave¬ 
length in going from gas to solution in iso-octane, those in the 2000 A 
range by about 1000 cm.-^ and those in the 1800 A range by ca. 2000 cm.-i 
(for maxima in solution see ref. (3)). The larger orbitals are clearly much 
more affected by the solvent molecules. The shifts are attributable to 
polarization of the solvent. Similar effects for the naphthalenes will 
be referred to later. 

The Rydberg bands of toluene are much less sharp than those of 
benzene, but a series analogous to the strong series (i) of benzene can be 
readily picked out and fitted into the Rydberg formula : * 

Vo" = 7 i»i 3 o — — 0 ’ 95 )®. where n = 3, 4, 5 . (3) 

The corresponding ionization potential is 8-820 ± 0*005 V, which is a 
reduction of 0*42 V relative to benzene. Deviations from the formula 
for the M = 3 and n = 4 members are larger than in benzene because of 
the more extended structure. 

In going from toluene to ethyl benzene there is a further slight shift 
to long wavelengths, which is, however, much smaller than the shift 
produced by the primary substitution. The Rydberg bands have in¬ 
creased in diffuseness but it is still possible to establish a correlation with 
the toluene bands and so to obtain the approximate Rydberg series 

>^0" = 70*750 - E{n — i-io)*, « = 3* 4 * 5 - • (4) 

which corresponds to an ionization potential of 8*77 ± o*oi V. 

® Flatt and Klevens, Ckem, Rev,, 1947, 41, 301, 
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The shifts in going from ethyl benzene to isopropyl benzene are still 
smaller. Althongh the bands have become increasingly more difEuse, it 
is still possible to estimate that the ionization potential of isopropyl 
benzene is about o-oi V less than that of ethyl benzene, i.e. ca. 8*76 V. 
It should be noted that in the near ultra-violet region there is always a 
shoyt wavelength shift on replacing the hydrogens of an attached methyl 
group by other meth}"! groups. This has been linked by Matsen, Robertson 
and Chuoke,^ with the Baker-Nathan effect and explained in terms of 
hyperconjugation which would raise the highest occupied ground state w 
orbital and depress the lowest unoccupied w orbital by an amount greatest 
for toluene and least for ^;'/.-but5d benzene. The difficulty with this 
explanation is that it does not account for the long wavelength shifts of 
the shorter wavelength bands of f^rl-butyl (or ethyl or isopropyl) benzene 
relative to toluene. In part these may be due to inductive shifts raising 
the highest occupied ground state cr orbital and increasing from toluene 
to -butyl benzene. We should like, however, to put forward an 
additional or alternative explanation in terms of the dimensions of the 
excited orbital. Polarization stabilization of an excited orbital by an 
alkyl group (regarded as a small piece of dielectric) is clearly most effective 
when the stabilizing group lies near to or within the excited orbital. A 
substituted methyl group has its polarized end groups lying far outside 



Fig. 2.—^Diagram indicating probable dimensions of excited orbitals cor¬ 
responding to the 2600, 2000, 1790 and 1521 A transitions in substituted 
benzenes. Outer circles correspond to shorter wavelength bands. 

the excited orbital of the 2600 A systems and they are relatively in¬ 
effective on this account, the greater stabilization being brought about 
by hydrogen atoms attached to the a carbon atom. The Baker-Nathan 
effect could be explained along these lines provided an excited electronic 
state were involved. A diagram indicating the probable dimensions of 
the excited orbitals corresponding to the 2600, 2000, 1800 and ca. 1600 A 
transitions in substituted benzenes is given in Fig. 2. These are drawn 
at distances 1-2, 2*0, 2*8 and 5*8 A respectively from the ring carbons, 
being calculated on the simplified assumption that the average distance 
of the electron from the ring carbons varies inversely as the term value 
of the state. It is not difficult to deduce from such a diagram the effects 
referred to above. 

In the region below 1400 A the band in benzene at 1355 A due pre¬ 
sumably to the excitation of a electron has moved to 1380 A in toluene. 
In ethyl and isopropyl benzene continuous absorption arising from the 
alkyl groups appears and tends to blot out all detail at wavelen^hs shorter 
^an _i4ooA. Long wave shifts of the bands of mono-alkyl benzenes 
in going from the vapour to the dissolved state are of the same order as 
those found for benzene. 

The Di-alkyl Benzenes.—^The substitution of two methyl groups 
for two hydrogen atoms both attached to the benzene ring produces a 
further shift in the spectrum towards longer wavelengths, the magnitude 
of the shift inCTeasing in the order ortho, meta, para. For the 2600 A 
systems the sh^s relative to toluene are ca. 120, 240, 360 cm.“i respec¬ 
tively, The shifts of the maximum of the strong continuum in the 1900 A 
region are ca. 400, 700, 1200 cm.“^ respectively. The Rydberg bands 

*Mats«i, Robertson and Cbuoke, Chem. Rev., 1947, 41, 273. 
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in o-xylene, are rather broad and diffuse, but by comparison -with the 
spectrum of toluene a rough Rydberg series could be established: 

vo« =: 69,200 — R{n — i*o8)», w = 4, 5, 6. . . {5) 

The limit corresponds to an ionization potential of 8-58 rb o*oi V. In 
w-xylene the Rydberg bands are still fewer and more diffuse. How¬ 
ever, it appears from their position relative to those of o-xylene that the 
ionization potential of w-xylene is very close to the value for this mole¬ 
cule. For ^-xylene numerous Rydberg bands were observed. These 
are somewhat diffuse but a fairly reliable Rydberg series converging to a 
limit of 8-48 V was established. The appearance of more Rydberg bands 
is probably to be connected with the greater symmetry of the molecule 
and it should be pointed out in this connection that in the near ultra¬ 
violet para derivatives have the sharpest bands and ortho derivatives 
the most diffuse absorption bands. Bands corresponding to the excitation 
of a electron appear in the neighbourhood of 1410 A for each of the 
isomers. 

The Spectrum of Monofluorobenzene.—^The far ultra-violet ab 
sorption spectrum of monofluorobenzene is very similar to that of benzene 
itself though the bands are not so sharp as they are in benzene and are 
shifted slightly to longer ^vavelengths. The two following series are 
analogous to the two series observed for benzene. 

v„* = 74,203 - RKn — 1-05)* « = 3. 4. 5 • • (6) 

"o" = 74.304 — — 1-50)*, » = 3. 4. 5- • • (7) 

Table I shows the agreement between the observed and calculated fre¬ 
quencies. As is usu^ in molecular Rydberg series, the earlier members 


TABLE I.— ^The Observed and Calculated Frequencies of Bands 
OF Series (6) and (7) 


Senes 6 

Scries 7 

n 

»ob.. 

•’c.lo. 

n 

’’oM. 

•’do. 

3 

<--'50,000 

45.344 

3 

~ 55 . 56 o 

56.746 

4 

<-6i,200 

61.593 

4 

65.314 

65.346 

5 

67,236 

67,170 

5 

<^8,870 

68,885 

6 

69,765 

69.724 

6 

70.736 

70,676 

7 

71,107 

71.103 

7 

<--<71,700 

71,707 

a 

71,940 

71.931 

8 

72.366 

72.353 

9 

72,457 

72.467 




lO 

72,840 

72,833 




II 

73,075 

73.095 1 





deviate somewhat from the formula but the agreement is good for the 
higher members. The bands are on the average about 300 cm.-^ to the 
low frequency side of the corresponding benzene bands. The limit cor¬ 
responds to an ionization potential of 9 *197 ± 0*005 V. The difference 
of ca. 100 cm.~i between the limits of the two series is equal to the differ¬ 
ence between the corresponding limits found for benzene and may represent 
convergence to slightly different states of the molecular ion. The small¬ 
ness of the long wave shift of the benzene bands on fluorine substitution 
as compared with the shift produced for example by chlorine substitution * 
indicates clearly that the high electron affinity of fluorine produces a 
sufficiently large inductive effect almost to balance the mesomeric effect. 
Similar conclusions can be reached from infra-red studies.* The spectrum 

« Torkington and Thompson, Trans, Faraday Soc., 1945* 4if 237. See also 
Price, ibid,, 1945, 41, 246. 
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of phenol on the other hand shows considerable long wave shifts of about 
the same order of magnitude as for monochlorobenzene. The near ultra¬ 
violet spectra of these substances show the same relative shifts as observed 
in the far ultra-violet. 

The Spectrum of Benzotrifluoride.—^The spectrum of this sub¬ 
stance is of special interest because, while the absorptions corresponding 
to the 2000 A and 1790 A regions of benzene are shifted to long wave¬ 
lengths and occur at practically the same positions as in toluene, the 
Rydberg bands are shifted to short wavelengths and converge to an 
ionization potential greater than that of benzene. The series found are 

Vo" = 78,120 — Rl(n — i-05)», w = 3, 4, 5 . . (8) 

Vo** = 7^^250 — Rjin — 0-50)*, w = 3. 4 * 5 - - • (9) 

Table II shows the agreement between obseiv^ed and calculated frequencies. 
The ionization limit obtained from series (8) is 9-683 ± 0-005 V. That 
this ionization potential should be greater than that for benzene is in 
accord with the strong electron attracting power of the CF3 group known 


TABLE II.— Observed and Calculated Frequencies for the Benzo- 

TRIFLUORIDE BaNDS OF SERIES (8) AND (9) 


Senes 8 

Senes 9 

n 

»0b.. 

'oal.. 

n 

'obs. 


3 

/■^48,ooo 

49,261 

3 

-^55.^50 

60,692 

4 

58.931 

65,510 

4 

66,972 

69,292 

5 

71,040 

71,087 

5 

72.838 

72.831 

6 

73.609 

73.641 

6 

74.640 

74.622 

7 

75.007 

75.020 

7 

75.604 

75.653 

8 

75.838 

75.848 




9 

Obscured 

76.384 




10 

76,769 

76.750 




II 

77.059 

77.012 





from the strength of trifluoro-acetic acid and dipole moment data. It 
is also in accord with the absence of complex formation in solutions of 
iodine in benzotrifluoiide. Complexes of iodine and benzene derivatives 
owe their stability *» ’ to the donation of electrons from the benzene 
ring to the iodine molecule and the tendency to such donation will de¬ 
crease with increasing ionization potential.® In benzotrifLuoride 
there is no mesomeric release of electrons as in monofluorobenzene to offset 
the high inductive pull of the fluorine atoms. 

Whereas in benzotrifluoride the long wave systems are shifted to 
long wavelengths and the short wave ones to short wavelengths relative 
to fluorobenzene, the reverse effect happens on a smaller scale in -butyl 
benzene and toluene. The latter effect has already been referred to in 
discussing the spectra of ethyl benzene and isopropyl benzene. This 
reversal is to be related to the fact that in one case we have an electron- 
attracting and in the other an electron-releasing substituent. 

The Spectra of the o-, w-, p-fluorotoluenes.—^The spectra of these 
substances are given in Fig. i. The Rydberg bands are too diffuse to 
enable series to be obtained from them. However, the regions show 
certain interesting features. While the meta and pam derivatives have 
their bands shifted to long wavelengths in much the same way as the 
w- and ;f>-xylene spectra are moved to the long wavelength side of toluene, 

• Benesi and Hildebrand, J, Amer, Chem, Soc., 1949, 71, 2703. 

’ MuUiken, ibid., 1950, 72, 600. 

* Chamberlam and Walsh, Trans, Faraday Soc., 1949, 45,1032. 
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the spectrum of the ortho derivative is not shifted by nearly as much as 
might be expected. This we attribute to local action between the fluorine 
and the methyl group which prevents the latter from releasing negative 
charge to the ring. A similar effect on a smaller scale must be operative 
in o-xylene. The fields of the adjacent polarized methyl groups tend to 
depolarize each other and to reduce the charge transfer that might occur 
if these groups w erewell separated. 

The spectrum of w-fluorobenzotrifluoride has also been obtained. 
The Rj^'dberg bands are too diffuse to permit an analysis, but the other 
regions indicate a slight long wavelength shift relative to benzotrifluoride. 

The Spectra of Naphthalene and 2 -methyl Naphthalene.—We con¬ 
clude this series vith a discussion of the spectra of naphthalene and 
2-methyl naphthalene. The spectra were obtained at pressures of about 
one-tenth of the vapour pressure of these substances in path lengths of 
2 m. They are given in Fig. i {n and o). The main features of the 
spectra are the veiy strong absorption s3rstems in the range 2200-2000 A. 
Again we should lihe to call attention to the shifts to long wavelengths 
in going from vapour to solution and to the way these become larger 
for the shorter wave bands in much the same way as shifts caused by 
alkyl substitution. For naphthalene in hydrocarbon solvents the shifts 
are : for the 3200 A system ca. 310 cm.“S* for the 2900-2500 A system 
ca. 1000 cm.“1 (ref. (9) and A.P.I, Spectrogram 169) and for the 2200- 
2000 A system ca. 2250 cm.“^. These shifts are clearly due to polar¬ 
ization in the molecules of the solvent when excitation occurs (i.e. to 
Lorentz-Lorenz forces). This stabihzes the excited state and thus causes 
the absorption to be at longer wavelengths in solution. There is no 
doubt that a similar process is operative when substituents are directly 
attached to the molecule. The fact that the solvent effect is of the same 
order of magnitude as the substituent effect indicates that the long wave 
shift produced by alkyl substitution is to be explained as being mainly 
due to polarization of these groups in the excited state. 

The 2200-2000 A absorption of naphthalene has diffuse structure 
associated with it. The first diffuse hump, centred at 2108 A (47,440 
cm.~i), is relatively much stronger than the diffuse bands accompanying 
it on the short wavelength side and must thus be regarded as the (0-0) 
band of the transition, which, in spite of its breadth, does not give rise to 
much change in bonding. We sh^ not discuss the diffuse accompanying 
structure here as our plates have so far been taken with the Lyman 
continuum which has some undesirable emission lines in this region. It 
is planned to use the hydrogen continuum for this range in order to obtain 
more satisfactory details of the band envelope. 

To the short wave side of 1900 A strong sharp bands are obtained 
which are clearly Rydberg in type. The first set occurs at ca. 1830 A 
and IS followed by a similar weaker set at ca. 1780 A, followed by a set 
of still weaker bands which arc superimposed on a weak continuous 
absorption (1680-1550 A ; max. ca. 1620 A), The spectrum m the region 
1900-1500 A shows isolated bands getting weaker and closer together as 
they crowd towards a limit in the region of 1500 A. The appearance of 
the spectrum makes it clear that the first ionization potential of naphthalene 
is not far from 8*1 V. This is confirmed by the electron impact value 
of 8*3 Furthermore, the ionization potential of naphthalene is 
expected to be appreciably less than that of benzene (9*24 and lower 
even than that of o-xylene (8-58 V) because of the additional conjugation. 
The low ionization potential means that the early Rydberg transitions 
should fall in the 2500-2000 A region and their orbitals should lie within 
the molecular framevrork. These facts are clearly of considerable im¬ 
portance in considering the origin of the bands in the 2500-2000 A range. 

* Sponer and Nordheim, this Discussion, 
rtice, J. Chem. Physics, 1936, 4, 539. 

11 Sugden, Walsh and Price, Nature, 1941, 148, 373. 
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Below 1500 A there is a region of weak continuous absorption fading 
out again about 1450 A, below which there is no strong absorption down 
to at least 1100 A. It is possible that the continua in the regions ca. 2100, 
1620 and 1485 A may form a Rydberg series going to a second ionization 
potential at ca. 9*3 V. The ten tt electrons in naphthalene fall into five 
groups each of which should be associated with a different ionization 
potential. The doublet character of some of the Rydberg bands indicates 
another possible ionization potential about 400 cm.“^ or 0*05 V lower 
than that at ca. 8*1 V. 

The spectrum of 2-methyl naphthalene is very similar to that of 
naphthalene. It suffers the usual long wavelength shift and increase in 
diffusiveness as a result of methyl substitution. The strong 2200-2000 A 
has more diffuse bands superimposed on it. Differences of ca. 1000 cm.“-^, 
which may correspond to the ring breathing vibration, are observed but 
the analysis of these together with smaller differences will have to await 
further experimental work. Observation of shifts relative to the cor¬ 
responding naphthalene systems indicates ionization potentials of ca. 8-o 
and 9*2 V. 

We wish to acknowledge financial assistance for this work from the 
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University of Chicago), the Royal Society, the Chemical Society and the 
Institute of Petroleum. One of us (J. P. T.) wishes to thank the Com¬ 
missioners for the Exhibition of 1851 for the award of an Overseas 
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THE ABSORPTION SPECTROSCOPY OF 
SUBSTANCES OF SHORT LIFE 


By George Porter 
Received ijth July, 1950 

The experimental methods available for the absorption spectroscopy of free 
radicals are critically discussed with special reference to flash photolysis and 
spectroscopy. Some free radical spectra which have been obtained in this 
way are described and values are given for the dissociation energies and vibration 
frequencies in the upper and lower states of the CIO, SH and SD radicals. 


Most of our knowledge of the molecular structure of free radicals and 
si mil ar short-lived substances is a result of the interpretation of emission 
spectra obtained from flames and electrical discharges. About 100 di¬ 
atomic radicals have now been recognized in this way and many of their 
molecular constants determined, but there are very many other radicals 
whose emission spectra have not been observed and about whose structure 
virtually nothing is known. Chemical methods do not lend themselves 
readily to high-speed manipulation and other physical methods such as 
electron diflEraction are not at present applicable. The method of absorp¬ 
tion spectroscopy is almost alone in its suitability for investigations of 
this kind and has many advantages ; in particular it can be used to obtain 
spectra which cannot be observed in emission and it has the great advan¬ 
tage that it makes possible the determination of concentration. Further¬ 
more, as more complex radicals are studied, it will be necessary to use 
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other spectral regions such as the infra-red and far infra-red where absorp¬ 
tion techniques become essential. 

The difficulties associated with free radical absorption spectroscopy- 
are almost entirely experimental ones and in the first part of this paper a 
brief account is given of the limitations of the existing methods with 
particular reference to the flash technique developed by the author. 
The second part deals with a few of the radical spectra which have been 
obtained by this method. 


Experimental Methods 

There are two problems associated with the kinetic absorption spectroscopy 
of short-lived substances in addition to those encountered with stable mole¬ 
cules. Firstly, the labile molecules must be produced rapidly in high concen¬ 
tration, and secondly, the spectrum must be recorded in a time which is short 
compared -with their average life. 

The Preparation of Free Radicals.—^The partial pressure of radicals 
necessary for their observation in a path of lo cm. vsiries from lO”* mm. for 
a radical such as CN with high resolving power to lo mm. or more under less 
favourable conditions. In many cases, and especially in the inira-red, a high 
relative concentration is also necessary if the spectrum is not to be masked by 
that of the parent molecule. There are four general methods available for free 
radical preparation and their uses for our purpose are summarized below. 

Thermal Decomposition. —^This is only available when the dissociation of 
the radical does not occur much more readily than that of the parent molecule. 
It has not so far been possible to heat a gas rapidly enough to produce radicals 
instantaneously at high concentrations for kinetic studies and the method is 
limited to systems in thermodynamic equilibrium which have, however, one 
great advantage ; if the thermochemical constants are known the radical con¬ 
centration and hence its absorption coefficients can be determined.^* *» * 

Chemical Reaction. —Owing to the fact that diffusion is slow compared 
with the rate of most radical reactions it is difficult to produce mixing rapid 
enough to give a long absorption path and except in the special case of flames 
this method has been unsuccessful^ In flames also the reaction zone is narrow 
and sensitive methods, such as emission line reversal, are usually necessary.^ 

Electrical Discharge. —^By this means accurate synchronization and 
high percentage decomposition are readily attained and it was, until recently, 
the only successful method of instantaneous preparation.* Its main di!^ 
advantages are that it is limited to the low pressures, less than about z mm., 
at which the discharge can be passed, and the fact that the violence of the method 
results in the production of almost every possible molecular species making 
the interpretation of the kinetics a matter of great difficulty, except in the very 
simplest systems. 

Photochemical Dissociation. —This method has many advantages ; the 
S3rstem is relatively simple and well understood, a wide range of conditions may 
be used and almost all radicals can be produced photochemically. With 
ordinary light sources, however, the concentration of radicals which can be 
obtained is so low that it has been impossible to detect them by means of their 
absorption spectra. The use of high intensity flash sources has completely 
overcome this difl&culty and partial pressures of atoms and radicals of the order 
of cm. Hg have been produced, mainng this the most powerful of all methods of 
preparation.’ 

The Rapid Recording of Absoxption Spectra. —^If the kinetics of the 
radical disappearance are to be studied the exposure time must be only a 
fraction of the radical lifetime which may mean lo-* sec. or less. With con¬ 
tinuous sources such as the hydrogen lamp the exposure time required is several 
seconds at least but three metho(£ of high speed recording are available. 

1 Bonhoefler and Reichardt, physic, Chem,, 1928, 139, 75. 

* Oldenberg, J, Chem, Physics, 1938, 6, 439. 

* White, ibid,, 1940, 8, 439, 

* Geib and Harteck, Tram, Faraday Soc,, 1934, 3®» I39. 

« Kondratjew and Ziskin, Ada Physicochim., 1937, 3®7* 

® Oldenberg, /. Chem, Physics, 1934, 3* 713. 

’ Porter, Proc» Roy, Soc, A, 1950, aoo, 284. 
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Electronic Methods. —The response time of ladiation detectors such as 
the photocell may be as low as io“® sec. but for high speed scanning a limit is 
set by the statistical fluctuations in the photocurrent. The relative fluctuations 
Ff. are given by 

F, = i/(nt)h 

where n = no. of electrons/sec. from the cathode no. of photons/sec. and 
t = time interval resolved. For example, if the rate of scanning were looo 
A/m. sec. and the s/n ratio were 50, the high output current of 100 ^ from the 
iP. 28 photomultiplier would only give a resolution of i A. Only if resolution 
or scanning speed can be sacrificed is this method suitable with present sources, 
and similar considerations apply to infra-red detectors. 

Photographic Integration. —^If ordinary light sources are used the in¬ 
tensity may be increased by repeating the process many times, 60,000 such 
exposures being used by Oldenberg for each spectrum.® Maeder and Miescher 
have used a spinning mirror arrangement so that the decay of the radical is 
recorded at the same time.® Such methods are satisfactory if the interval 
betw^een exposures is short but in flash photol^'sis the time required for lamp 
cooling, and for refilling and cleaning the reaction vessel owing to the high de¬ 
composition, makes a large number of exposures impracticable. 

Flash Spectrography. —^The veiy high energy which can be dissipated in 
a single flash, the short duration and easy synchronization coupled with the 
fact that it gives a very good continuous spectrum makes the high-pressure 
rare gas filled flash-tube ideal for this purpose. A single flash from a 70 jLtF 
condenser at 4000 V across a 15 cm. tube, lasting 5 x lo-® sec. gives a sufficient 
exposure on the plate of a Littrow (Hilger E.i) spectrograph down as far as the 
quartz absorption hmit.’ 

Experimental Limitations of the Method of Flash Photolysis.— 
The construction and properties of flash tubes for photochemical and spectro¬ 
scopic purposes have been described previously ’ and the present limitations of 
the method will now be given. 

Energy Dissipation, —Energies of 10,000 J per flash have been dissipated 
in a I m. long tube, corresponding to a useful output of 2 x lo®^ quanta in the 
quartz ultra-violet region. At the higher energies occasional refilling is necessary, 
for example, about every 100 flashes at 5000 J, and it has been found useful to 
have a separate pumping system for this pilose. It has also been found that 
xenon filling is the least troublesome in this respect. In most photochemical 
systems the pressure of intermediates produced by these energies is of the order 
of several mm. Hg. 

Flash Duration. —^It has become clear that the flash time of i msec, is 
longer than the lifetime of some of the radicals studied and it will be necessary 
to use the following methods of reducing its duration. 

(а) Decrease of Capacity. —This r^uces the duration of the flash without 
decreasing the intensity but the total output is thereby reduced. 

(б) Increase of Voltage. —Up to the highest voltage used (8000 V) the 
energy dissipation of the tube does not appear to vary if is kept constant 
by reducing the capacity, and as there is no consequent reduction in output 
this is the most useful method. 

{c) Decrease of Tube Resistance. —^This may be accomplished by in¬ 
creasing the diameter or decreasing the length of the tube, the latter being 
approximately proportional to flash duration. It has been found that the maxi¬ 
mum energy dissipation of the lamp is also proportional to its length and again 
the total output must be reduced, but the output/unit length remains unchanged 
and, if the length of the reaction vessel can be reduced proportionately, the 
percentage decomposition is also unchanged. 

The Detenniziation of Radical Concentrations. —^The approximate 
estimation of the lifetime of a radical by noting the disappearance of its ab¬ 
sorption spectrum presents no difficulty and yields much interesting qualitative 
information about its chemical reactions, but there axe many important data, 
such as rate constants and absorption coefficients, which cannot be obtained 
^thout a knowledge of absolute concentrations. At present such information 
is limited to the few radicals which can be obtained in thermodynamic equi¬ 
librium a nd it is important therefore that the relative simplicity of the photo- 
chemic^ s^em maikes possible, in many cases, the estimation of radical con¬ 
centration indirectly from the d^ease in the absorption of the parent molecule 

• Oldenberg, J. Chem, Physics, 1935, 3, 266- 

• Maeder and Miescher, Helv, physic. Acta, 1942, 15, 511; 1943, 16, 503. 
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and subsequently the appearance of the absorption by the stable products. 
A complication is introduced by the changing temperature, which is unavoid¬ 
able in sj^tems containing intermediate products at high concentrations, but 
the effect of temperature on the absorption spectrum of stable molecules can 
be determined and suitable corrections applied. 

The flash technique was designed primarily for the study of the Mnetics of 
radical reactions but much information is also obtained from the interpretation 
of the spectra themselves, and two such spectra, of the radicals CIO and SH, 
will now be considered. 

The CIO Radical 

A preliminary report and photograph of the spectrum attributed to this 
radical have been given elsewhere.’ It appears whenever chlorine is photolyzed 
in the presence of oxygen and has a half-hfe of a few milliseconds. The simple 
vibrational structure strongly suggests a diatomic molecule and, under the 
circumstances, the only possibility is the CIO radical whose occurrence in chemical 
reactions h as frequently been postulated. Very little is known about the diatomic 
compounds of Group 6 of the periodic table wdth Group 7 and the interpretation 
of this spectrum is therefore of some interest. 

Vibrational Structure. —^The main feature of the spectrum is a series 
of bands with fairly sharp heads degraded to the red which is clearly a t;" = o 
progression and the measurements of these heads with intensities on a scale of 
10 are given in Table I. Most of the measurements are accurate to better than 
10 cm.~^ except for a few bands around t/ = 18 where the overlapping rotational 
structure makes the heads dif&cult to locate. 


TABLE I.— v" = o Progression of CIO 


v' 

Int. 

B 

V 

cm.-i 

■ 


B 

V 

4 

I 

3034*5 

32945 

14 

7 

2729*4 

36627 

5 

2 

2993-0 

33402 

15 

7 

27II-I 

36874 

6 

3 

2954-3 

33839 

16 

6 

2695-0 

37095 

7 

5 

2918-0 

34261 

17 

5 

2682-5 

37267 

8 

5 

2884-0 

34664 

18 

5 

2671-2 

37425 

9 

6 

2851-8 

35056 

19 

5 

2661-0 

37569 

10 

8 

2822-4 

35421 

20 

5 

2652-5 

37689 

II 

8 

2796-0 

35755 

21 

3 

2645-8 

37784 

12 

10 

2771-6 

36070 

22 

2 

2640-6 

37859 

13 

8 

2749*5 

36360 

23 

2 

2636-3 

37920 


An assignment of vibrational quantum numbers in the upper state is not 
possible on this information alone but a band system attributed to CIO has been 
obtained in emission from flames containing chlorine or methyl chloride by 
Pannetier and Gaydon and assuming their interpretation to be correct we 
may proceed as follows. The average value of the second difference of the wave 
numbers of the v' = constant progressions in the emission bands is 15 cm."^ 
and the corresponding value for the upper state, calculated from the absorption 
spectrum, is 22 cm.-^. Starting with the last observed bands of the u" =» o 
and v' = o progressions the positions of further bands heads can be estimated, 
assuming linear convergence, to give the following values : 


Absorption, v = o progression Emission, = o progression 


Obs. 

Calc. 


cm.“^ 

cm. 

-1 

^32945 

Obs. 

27598 

r 32466 


r 28406 

31965 

Calc. 

J 29227 

31442 


1 30067 

L30897 


L30920 


The value for the last observed emission band has been adjusted slightly 
and the progression starts in effect from the previous band head which is 


Pannetier and Gaydon, Nature, 1948, 161, 242. 
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probably the more accurate measurement. It will be seen that there is a coin¬ 
cidence within the accuracy of the extrapolations between the last two figures 
given and a continuation in this way as far as the observed bands of the other 
system shows no other coincidence within loo cm.'“^. The vibrational quantum 
numbers obtained in this way are given in Table I and the mterpi etation is 
supported by mtensity considerations and the close agreement between the 
values for w/ obtained from the two spectra. The value of x in the Table of 
Pannetier and Gaydon is seen to be 4. 

These data lead to the following values for the constants of the two states 
with a probable error in of 3 %. Account has been taken of a small cubic 
term in v' in the estimation of <0/, 

Ground state. <a/' = 868 cm.-^ = 7*5 cm.-^. 

Upper state oi/ = 557 cm.-^ = ii cm.-^ 

V, = 31,077 cm."^ 

PuRTHER Details of Band Structure. —Owing to the extended rotational 
structure the chlorine isotope effect is difficult to observe, the weaker isotope 
system being obscured by the stronger, and it has not been possible to confirm 
the above assignment of quantum numbers in this way. 

In addition to the bands already discussed a second progression appears at 
about one-quarter of the intensity, the heads showing a fairly constant separa¬ 
tion to higher frequencies from those of the main system. The bands appear 
to belong to a second multiplet component, the whole forming a doublet system 
and over the nine measured heads in Table II the doublet splitting decreases 
from 200 cm.“^ to about 185 cm.-^. 


TABLE II.— Second System of CIO 


V * 

A 

A 

V 

cm.“i 

w' 

A 

A 

V 

cm.-l 

5 

2975-0 

33603 

10 

2807*0 

35615 

6 

2937.6 

34032 

xz 

2781-4 

35943 

7 

2902*0 

34449 

12 

2758*0 

36248 

8 

2866*7 

34874 

13 

2735*3 

36548 

9 

2835-7 

35255 





A full analysis of the rotational structure has not yet been carried out, the 
resolution being rather too low. The P and P branches appear to be the most 
prominent feature of the bands and the structure suggests a *17 — ^77 or *A — *A 
transition with near case (a) coimling. The former is supported by theoretical 
considerations which predict a */i ground state for QO.^^ 

Determinatioxi of the Dissociation Energy.—^The bands of the main 
system are observed almost to the convergence limit and a very good extrapola¬ 
tion can be made, the Av — v plot showing slight positive curvature. The value 
of the dissociation energy to products in the upper state obtained in this way 
is 37*930 cm.-^ or 108*4 kcal.^iole, ± about o*i %. 

To obtain the dissociation energy to unexcited products the only low-lying 
levds of the atoms to be considered, ignoring multiplet splitting, are the ®P 
ground state of chlorine and the *P ground and the and excited states 
of oxygen, the latter lying 15,868 and 33,793 cm.-^ above the ground state. 
These lead to three possible values for Dq" and the lower one is immediately 
eliminated by the fact that vibrational levels of the ground state are observed 
which lie above it. The upper one is confirmed by a linear extrapolation of 
the constants for the ground state which gives a value for Do" of 24,680 cm.*^. 
It is clear therefore that the oxygen atom is liberated from the upper level in 
the ^D state and the following values for the dissociation energies can now be 
given unambiguously. 

Ground state. Dissociates to Cl *P and O *P. 

Do" 22,062 cm.-* «= 63*04 kcal./mole db 0-2 %. 

Upper state. Dissociates to Cl *P and O *D. 

Do' * 7,010 cm.-* sa 20*0 kcaL/mole ± i %. 

** Pening (private discussion). 
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These values assume dissociation to the lowest atomic multiplet levels in 
each case as the actual levels are unknown. If the atoms are liberated in higher 
multiplet levels the value of would need slight adjustment but the value 
of JDo' is unchanged. The normal dissociation energy of CIO to chlorine 
and oxygen ‘Pj depends only on the multiplet level of the Cl atom liberated 
from the upper state, being the ground state value given above if Cl ®Pij is 
liberated and 881 cm.-^ less if the product is Cl ®Pj. 

Discussion.—^The only existing information about the dissociation 
energy of CIO is obtained from the spectrum of the CIO2 molecule.^® The 
predissociation at 3750 A, corresponding to an upper limit of 76 kcal./mole, 
is not inconsistent with the above value but much lower energies have 
been suggested from interpretations of the extrapolated convergence limit. 

The only existing information about the dissociation ener^ of CIO 
is obtained from the spectrum of the CIO* molecule.^* The predissociation 
3>t 3750 A, corresponding to an upper limit of 76 kcal./mole, is not in¬ 
consistent with the above value but much lower energies have been 
suggested from interpretations of the extrapolated convergence limit. 
The postulated dissociation to normal CIO and 0(^D) now seems quite 
probable, and although there is some doubt about the heat of formation 
of ClOa it can hardly be high enough to account for this discrepancy. The 
explanation probably lies in the potential energy surface involved in the 
dissociation of polyatomic molecules which may lead to products with 
excess vibrational energy. 

It is interesting to compare the bond energy of CIO with the average 
bond energy in the other chlorine oxides calculated from the heats of dis¬ 
sociation as follows : 

ClaO ClaO, CIO3 ClOa CIO 

47‘o 50*3 55*6 59*5 63-0 kcal./mole. 

The influence of the odd electron in strengthening the bond is clear and 
the last four molecules form a group of inorganic free radicals showing 
increasing chemical reacti\ity as the odd electron becomes localized. 

The formation of CIO by the reaction of Cl atoms with Oa suggests 
that a radical Cl—O—O’ takes part as an intermediate, no trace of other 
chlorine oxides such as ClOj being found in the spectra. Subsequent 
reactions are then probably 

Cl—0—0 -f Cl = (ClaOa =) 2CIO, 
and at higher temperatures. 

Cl—0—0 + CI2 = (ClaOa •+■ Cl =) 2CIO -f- Cl. 

Similar experiments with bromine indicate that the bromine atom 
does not react with Oj. 

The SH and SD Radicals 

The SH radical is the only diatomic hydride of the first two periods 
whose vibrational constants are completely unknown and one of the 
few common hydrides for which not even an approximate value of the 
dissociation energy is available. Its spectrum does not appear readily 
and only one band, the o—o band of the *27 ~ ®iT transition, has ever 
been observed.** It is well known that hydrogen sulphide can be de¬ 
composed photochemically into its elements, and although other mechan¬ 
isms have been proposed ** it is probable that the primary decomposition 
is to H and SH.** For this reason the flash photolysis of HgS was studied 
as a probable source of the SH radical. 

** Finkelnberg and Schumacher, Z, physic. Chem. (Bod. Fest.), 1931, 704. 

** Goodeve and Marsh, J. Ckem. Soc., 1939, 1332. 

** Lewis and White, Physic. Rev., 1939, 55. 894* Gaydon and Whittingham, 
Pvoc. Roy. Soc. A, 1947, *89, 313. 

** Goodeve and Stein, Trans. Faraday Soc., 1931, 27, 393. 

*• Herzberg, ibid., 1931, 27, 402. 

C 
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Hydrogen sulphide was prepared from ferric sulphide and sulphuric 
acid and also by the action of water on an intimate mixture of calcium 
sulphide and phosphorous pentoxide. It was dried over CaCl* and P2O5 
and fractionally distilled in vacuo. At pressures of 40 mm. of HaS one 
flash produced a partial pressure of 9 mm. Hg, sulphur being deposited 
on the wall, and there was no overall pressure change. Spectra were 
taken of the products on a Littrow (Hilger E.I.) spectrograph at increasing 
time interv’-als, after the flash. Immediately after the flash the absorption 
spectrum showed, in addition to the continuum of HgS and the 
system of Sg, the o—o band of SH at 3236*6 A identical with that described 
by Lewis and White, another similar band at 3060 A, and a diffuse band 
system between 3168 and 3797 A. 

TABLE III.—SH I—o Band 



Int. 

Branch (/} 

32664*8 

8 

i?i head 

32634-4 

6 

ei(ii) 

32618*4 

8 

ei( 2 i). Pi(ii) 

32601*0 

5 

(?i( 3 i) 

32587-9 

3 

Pl( 2 j) 

32580*2 

4 

0 i( 4 i) 

325557 

b 

ei( 5 i)-Pi( 3 i) 

3^^528*1 

2 

Gi( 64 ) 

32518*4 

2 

Pi 4 i) 

32498*1 

2 

Gi( 7 i) 

32480*0 

2 

Pi( 5 i) 

32498*1 j 

2 


32469*6 

I 

Qi{ 9 l) 

32267*5 

3 

Qi head 


SB 

0-—0 Band 

SD 

I—0 Band 

V (cm.“i ) 

Int. 

Branch (J) 

V (cm.“i) 

Int. 

Branch (J) 

C0977-4 

10 

Ry head 

32294*0 

10 

Ry head 

30059*6 

3 


32277*0 

4 

Gi(i 4 ) 

30951*9 

3 

0 i( 2 i) 

32269*2 

5 

01 ( 24 ) 

30943*6 

3 

ei( 3 i) 

32260*7 

3 

0 i( 34) 

30934*4 

5 

Qi( 44) 

32251*1 

4 

0 i( 44) 

30923*6 

2 

Gi( 5 t) 

32238*8 

8 

0 i( 5 i) 

30912*1 

2 

Gi( 6 i) 

32224*3 

5 

0 i( 64) 

30899-6 

3 

0 i( 7 i) 

32211*4 

5 

0i(74) 

30594*3 

5 

62 head 

32195*4 

5 

0i(84) 




32174*8 

5 

0i(94) 




32154*4 

4 

0 l(ioi) 




31907*1 

3 

02 head 


The 3060 A Band. —^The rotational lines of this band appeared with 
greater intensity than those the o—o band, the relative intensity of the 

two bands always being the same, and both bands had a half-life of about 
imsec. The resolving power of the spectrograph in this region was 
1*5 cm.“i which was not sufiflcient to separate the satelite and 
branches from the main Qy and Ry branches nor in some cases the main 
bran c h lines from each other. For this reason some of the lines were very 
broad and the line measurements which are given in Table III are the 
observed maxima with the probable quantum number assignment for the 
main branch lines. It is found that, apart from the different spacing owing 
to the higher value of B" — B', this band is identical in structure with the 
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3236*6 A band and it is fairly certain that it is the i—o band of the same 
system. This was confirmed by comparing the SH spectrum with the 
spectrum of the SD radical obtained from DgS when it was found that there 
was a small isotope shift to shorter wavelengths with SD for the 3236-6 A 
band and a greater one to longer waveleng^s for the 3060 A band, the 
order of magnitude leaving no doubt as to the correctness of the above 
interpretation. The measurements of the strongest lines of the o—o and 
I—o bands of SD are given in Table III. 

There are two unusual features about the appearance of the i—o 
band of SH ; firstly, it has a greater intensity than the o—o band though 
a careful search for further bands of the progression shows that they are 
absent and secondly, Lewis and White observed the weaker o—o band 
only. Both these anomalies, as well as the difficulty experienced in obtain¬ 
ing the bands in emission, would be explained if there were a potential 
energy curve leading to a lower dissociation limit which crossed the 
curve at about the second vibrational level. In this case the i—0 band 
might appear stronger at low resolution owing to the broadening of the 
lines even if the transition were of lower probability, w'hilst higher transi¬ 
tions might be completely diffuse. 

Vibrational Constants and Dissociation Energy. —^Apart from the 
upper limit of 93 kcal./mole set by the above-mentioned predissociation 
these constants cannot be obtained from the spectrum of SH alone as at 
least three vibrational bands are necessary for their derivation. By using 
the different zero point energy of the isotopic molecule, however, another 
relationship is introduced which makes the calculation possible. If we 
assume the same force constant for the two molecules it can be shown that 

= (vj-o — y{-o) — (»'o-o - Vo~o) = w/(l — p) - 2A?/a)/(l - pa) 

where p = Vis the wuve number of the i—o band, etc. and the 
superscript i refers to the SD molecule. We also have 

Api_o = vi-o — *'0-0 = 

and therefore if the separations of the bands are known the values of 
o)/ and can be obtained. The values A*v = 471 cm."”^ and 

Av(_o == 1787 cm.“^ are obtained from the origins of the — afls/s sab- 
bands estimated from the Qi branches, and substitution in the above 
equations gives for the state, 

W = 1950 cm,-i and = 81 cm^K 

A linear extrapolation of these values gives the upper state dissociation 
energy = 10,800 cm.-^ and in deriving a value for the normal dissocia¬ 
tion energy two analogies with the state of OH, which might be expected 
to be very similar, will be made. The first is that the products in the upper 
state are H(*S) and S[W) and this is fairly safe as the only alternative of 
S{iS) would give a veiy low value for the normal dissociation energy. 

The second analogy is that the linear extrapolation comes about 25 % 
too high and the final value obtained in this way will be assumed to have 
a possible error of 20 %. Applying this correction, subtracting the energy 
of promotion of S from the ®P to the state and adding v 0-0 we get, for 
the normal dissociation energy. Do" == 29,700 cm.-i = 84-9 kcal./mole 
with an error probably less than 5 %. 

From the relation 

- yUo = {V' + i)(i p) - + i)*(i - p*) 

- - p) - - p «)3 

the quantity in square brackets is foimd to be 369-5 cm.~^ and to find the 
value of a rough estimate of x/'w/' may be made from the value of 
-f 10 % (as in OH) the term in x/'ta/' being small. Using the value 
= 52 cm,“^ obtained in this way we get «= 2670 cm.-i. The 
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corresponding values of the vibrational constants of the SD radical are 
<*)/ = 1400 cm.-i and a>/' = 1910 

The Diffuse Band System. —^These bands form a regularly spaced 
system showing no fine structure, most of them being degraded to the red 
with fairly sharp heads, the measurements of which are given in Table IV. 
They appear and disappear with the SH bands and in all the spectra taken, 
using pressures of HgS between i cm. and 10 cm. Hg their intensity was 
proportional to that of the SH bands. That they are not bands of sulphur 
is shown by the fact that they do not appear along with the bands in 
the photolysis of CSj or SjCla and also that they show a shift when DgS 
is used in place of KgS. At first sight they might be another system of SH, 
their simple vibrational structure suggesting a diatomic molecule, but this 
is not supported by the isotope shift which occurs to shorter wavelengths 
with deuterium and is roughly the same, about 50 cm.~^ throughout the 
system. 

TABLE IV. —Diffuse Band System 


A 

A 

Int. 

V 

cm.-J- 

A 

A 

Int. 

V 

cm.-i 

3168-0 

3 

31557 

3443*9 

10 

29028 

3195-6 

4 

31284 

2479*5 

9 

28732 

3222-1 

4 

31027 

3519-5 

8 

28405 

3249*7 

6 

30764 

3562-5 

6 

28062 

3278*5 

8 

30493 

3604-4 

6 

27736 

3308*0 

8 

30222 

3647-8 

6 

27406 

3340*0 

9 

29932 

3696-5 

4 

27045 

3373*5 

JO 

29634 

3745-6 

3 

26691 

3407*0 

10 

29343 

3796-5 

I 

26332 


These facts suggest that the system is that of a molecule, probably 
polyatomic, containing S and H atoms only. Of these the most likely 
axe the HS, radical and the HjSj molecule, the latter compound being quite 
stable but without a recorded spectrum. One might expect the spectrum 
of hydrogen persulphide to be entirely continuous by analogy with hydrogen 
peroxide and it also seems likely that some of it would survive the reaction 
and be detected in the products but it cannot be entirely ruled out on these 
grounds. The vibration frequency of something over 350 cm.-^ is a reason¬ 
able value for the frequency of the ——S— bond in either molecule, and 
the only other information which can be obtained from the spectrum is the 
dissociation energy which a fairly good linear extrapolation gives as 
35,600 cm.-i or 102 kcal./mole. The energy of the —S—S— bond in 
Sj is 52 kcal.i^ and if it is this bond which is broken dissociation of HS* 
to SH (*il) and 8 (^ 5 ) gives fair agreement whereas dissociation of HjSa 
to two SH radicals would not give this value unless there were another 
state of SH much lower than the state. Pending an investigation of 
the spectrum of HaSg it seems more likely that the bands are those of the 
HSj radical which could be formed by the imion of H atoms with the Sa 
molecule. 

Other Diatomic Hydrides of Group 6.—The absorption bands of the 
systems of OH and OD have been obtained very strongly by the 
reaction of H or D atoms, prepared by photolysmg a small amount of Cla 
or Br,, in the presence of H* or D*, with oxygen. The first three bands 
of the r" = o progression appeared at high intensity and this seems to be 
the first report of the OD b^ds in absorption. A very complex system 
of lines, which is the same in both cas^ and therefore attributable to oxygen 

” Siskin and Dyatkina, Structure of Molecules (Butterworth, 1950), p. 255. 
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alone, appears from 3000 A to shorter wavelengths but no diffuse band 
system similar to that obtained with HjS is present. 

Attempts have been made to obtain the spectrum of the SeH radical 
in the photochemical decomposition of HgSe but the only spectrum 
recorded on the plate was that of Seg despite the fact that the amount of 
decomposition was considerably greater than with HgS. The absence 
of the spectrum of SeH may be explained if the predissociation occurs 
below the first vibrational level in this case, or if the SeH radical is chemic¬ 
ally less stable, the latter explanation being probable in view of the de¬ 
crease in stability from OH to SH, the former being observed for as long 
as i/ioth sec. after the flash. 

The author wishes to thank Prof. R. G. W. Norrish for many helpful 
discussions and suggestions in connection with this work. 

TJie JJKiveysiiy, 

Cambridge. 


GENERAL DISCUSSION 

Dr. A. Kastler (Paris) said : Regarding the polarization of fluorescence 
of aromatic molecules in monocrystals Dr. H. Benel made in 1940 in 
Bordeaux University under my direction, an investigation of the polar¬ 
ization of the fluorescence of naphthalene crystals containing anthracene 
as impurity.* The edges of the crystals used were cut parallel to the 
three axes of principal indices of refraction. This blue fluorescence was 
due to absorption and emission of anthracene molecules imbedded in the 
crystal. From the polarization ratios measured for different crystal 
orientations it was concluded that the light vector of the fluorescence 
radiation is directed mainly parallel to the short axis of the anthracene 
molecules if it is supposed that the anthracene molecules have their axes 
parallel to the corresponding axes of the naphthalene molecules. 

On account of its theoretical interest an analogous investigation on 
fluorescence of pure naphthalene crystals was taken up at my request 
by Dr. Svend Brodersen (Copenhagen) in Paris in June, 1950. The crystal 
at room temperature was illuminated by a hydrogen arc and the fluor¬ 
escence bands were analyzed by a spectrograph and identified with the 
known fluorescence bands of naphthalene in the crystal state in the 3100 
to 3600 A region. From the polarization of these bands as a function of 
veirious crystal orientations it can be inferred that the light vector of 
this fluorescence radiation is directed mainly parallel to the short axis 
of the emitting naphthalene molecules. A closer investigation of the 
spectral distribution of the fluorescence light seems to show that the 
electronic transition moment lies along the short axis of the molecules, 
whereas the small amounts of light polarized along the long axis is due 
to some vibrations. 

This is a preliminary report; further work will be continued. 

Dr. D. P. Grai^ (London) and Prof. H. Sponer (Durham, N, Carolina 
(communicated) : If we assume that the sequence of electronic states 
of napththalene is as given in the valence-bond theory, then a polarization 
of fluorescence emission in the region 3200 A parcel to the shorter 
in-plane molecular direction indicates that the intensity borrowing is 
predominantly fiom the intense band system at 2220-2000 A instead of 
the weaker system at about 2750 A, This is not in conflict with the 
Herzberg-TeUer rule for the relative intensity of forbidden and allowed 
band systems, which shows that the perturbation of the 3200 A transition 
by the remote 2200 A system is of the same order as that due to the nearer, 
but weaker, 2750 A system. Vibrations belonging to the species would 
provide the active origins in a forbidden band system with this polarization. 

* Benel, Thesis (Bordeaux, 1940). A short summary of this thesis has been 
published in Compt, rend., 1940, 211, 595. 
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Dr. A, Burawoy (Manchester) said : I should Jike to comment (a) 
on the empirical criteria which allow a distinction between the two types 
of absorption bands mentioned by Dr. Kasha and (6) on the interpreta¬ 
tion of the electronic transition responsible for the low intensity ab¬ 
sorption bands. 

In a series of papers published between 1930 and 1932 ^ an almost 
complete empirical classification of the electronic spectra of organic 
molecules appearing above 2000 A and of their rules has been given. 
It was shown that there are only two t3^es of electionic transitions in 
this spectral region, (i) Absorption bands generally of a comparatively 
high intensitj!^ (e > 5000) which are always connected with the presence 
of systems indicated in (I), 

(I) A . [CH : CH]„ . CH : B 

(A = R, Hlg, OR, SR, NR„ O", S“, NR- ; 

B = (CRa, NR, O, S,'^NRa,'^OR,’^SR) 

i.e. so-called conjugated systems (K-bands). These are the absorption 
bands attributed by IMuUiken * to transitions of the N V type. The 
slightly weaker long-wave bands appearing in the spectra of benzene 
and many of its derivatives are probably of the same type, but “ for¬ 
bidden by the often small transition moment, (ii) Absorption bands 
of low intensity (e < 2000) which arc due to electronic transitions origin¬ 
ating in all multiple linkages such as N= 0 , NO= 0 , N==N, G==C, G=N, 
Cs= 0 , G=S (i?-bands). 

These absorption bands are not only distinguished by their different 
intensity, but they also obey different and characteristic optical rules. 
One such distinguishing feature discussed in considerable detail is the 
effect of the addition of a proton mentioned by Dr. Kasha. 

Whereas the K-bands are generally displaced to longer wavelengths, 
all low intensity (R-) bands disappear. This has been illustrated, e.g. 
by the spectra of the blue thiobenzophenone in ether (A, 6200 A and 
3150 A ; €,70 and 17000) and its orange salt formed in concentrated 
sulphuric acid (no R-l^d ; A, 3840 A; e, 25000). 

Another possibly more important or useful criterion is the effect of 
solvents on the position of these absorption bands. The JfiC-bands are 
displaced to longer, all R-bands to shorter wavelengths approximately 
with the increasing dielectric constant of the solvent. Thus, ^/>'-diethoxy- 
thiobenzophenone absorbs in hexane at 5960 A and 3440 A (e, 366 and 
34300, respectively) and in alcohol at 5790 A and 3535 A (e, 382 and 
30900, respectively). 

The effect of substituents, i.e. of modifications in the molecular struc¬ 
ture, is also very different and most characteristic. Thus, the introduc¬ 
tion of a OH or NHj group on the end of a conjugated system displaces 
the corresponding K-band to longer, but the R-band always to shorter 
wavelengths (cf. e.g. the spectra of thiobenzophenone and ^^p'-diethoxy- 
thiobenzophenone above). 

The above-mentioned and other distinguishing features can be re¬ 
duced to a simple general rule. The K-bands are displaced to longer 
wavelength? as the polarity of the absorbing conjugated system increases. 
The R-l^ds are displaced to shorter wavelengths with the increasing 
polarity of the multiple linkage involved. This, of course, is only one, 
although important, factor influencing the position of the absorption 
bands. 

It has also been shown that in contrast to the well-known shift of the 

1 BurawoVp 1930,63, 3155 ; 1931. 64, 464, 1635 ; 1932, 65, 941. For a 
summary, cf. also /. Chem, 5 oc., 1939, 1177; Pkoiochetnisiry in Relation to 
Textiles {1949), p. 32. 

* Cf. ii^uiry and MuHiken, Froc, Nat Acad, Sci., 1940, 26, 312. 
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iiC-bands to longer wavelengths with the increasing length of the con¬ 
jugated system, the i2-bands remain almost unchanged. This has been 
illustrated by a comparison of the corresponding bands in the spectra 
of azobenzene CeHg—^N=N—CgHg (A, 4480 A and 3130 A ; e, 425 and 
20000 respectively) and bcnzene-azo-diphenyl CgHg—^6H4—^N==N—-CgHg 
(A, 4500 A and 3345 A; €, 900 and 30000, respectively).® Similarly, in 
contrast to the iC-band, the i?-band in citral and other a,i8-unsaturated 
aldehydes and ketones R—CH=CH—CHs=0 is not displaced to longer 
wavelengths in citrylideneacetaldehyde and related compounds 

R---CH===CH-~CH===CH---GH=^ 

It should be added that the low intensitj^ bands of all multiple linkages 
must be attributed to the same t3?pe of electronic transition, since as far 
as investigated they all obey the same characteristic optical rules. 

The nature of this electronic transition has also been fully discussed. 
It was shown that these bands obey optical rules similar to those observed 
for the absorption (colour) of free radicals such as the triarylmethyls. 
For this and other reasons, it was concluded that the R-bands involve 
a biradical (triplet) state of the double bond. The two possibilities 
(triplet-triplet and singlet-triplet transition) were discussed and the 
former preferred. However, in the light of our increased knowledge, 
the singlet-triplet transition may after all be the correct one. This 
interpretation of the low-intensity bands has been in recent years taken 
up by Lewis and his collaborators ® and by Carr * for the very weak bands 
of ethylene and its homologues. 

A different view has been expressed by McMurry and MuUiken ** ^ 
who have attributed the low-intensity bancis characteristic for the C=0 
and C=:S groups to an electronic transition arising in the non-bonding 
(unshared) electrons of the O and S atoms. Qualitatively, such an 
interpretation is the simplest possible one and had been carefully con¬ 
sidered by myaelf. It was rejected because it is unable to account for 
numerous observations. May I briefl^^ enumerate some of the diffi¬ 
culties of this interpretation. 

(i) Ethylene and its homologues also show such weak absorption 
bands, although no unshared electrons are available. 

(ii) The similar behaviour of these bands and those of certain free 
radicals cannot be explained, since the given interpretation is not ap¬ 
plicable to free radicals, 

(iii) According to McMurry and MuUiken their interpretation of the 
carbonyl (R)-band should require a shift to longer wavelengths as the 
number of conjugated groups increases. They erroneously claimed that 
this is observed and represents proof for the suggested transition. How¬ 
ever, in contrast to the iiC-bands the position of the i?-bands remains almost 
unchanged with the increasing length of the conjugated system (cf, above). 

(iv) Dr. Kasha believes that the disappearance of these bands on addi¬ 
tion of a proton to the non-bonding pair of an oxygen or other atom offers 
a clear proof of the excitation of the non-bonding electrons, since the 
binding energy of the lone pair would considerably increase. However, 
the addition of the proton does also increase the binding energy of the 
bonding electrons of the double bond and thus does not aUow a decision 
between these two possibilities. 

Again, the effect of the proton addition is only one particular instance 
of the general rule that the i?-bands are shifted to shorter wavelengths 
as the polarity of the double bond increases. Substitution by an amino 

® Burawoy, /. Cketn, Soc„ 1937, 1865. 

* Buraw'oy, ibid., 1941, 20. 

* Lewis and Kasha, /. Amer. Chem. Soc,, 1945, 67, 994 ; Kasha, Chem. Rev,, 
1947* 41, 401* 

« Carr, /. Chem. Physics, 1939, 7, 631. 

’ McMurry, ibid., 1941, 9, 231. 241; Trans. Faraday Soc., 1934, 3®* 93* 
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group or a change to a solvent of higher dielectric constant cause also a 
shift to shorter wavelengths. However, in these cases the increased 
negative charge at the O or other atom will reduce the binding energy of 
the unshared electrons. Sunilarly, introduction of nitro and carbonyl 
groups, e.g. in ^-nitrobenzaldehyde, j&-nitroazobenzene and glyoxal, will 
be responsible for an increased binding energy of the non-bonding electrons 
at the O and N atoms, but the i?-bands are displaced to longer wavelengths. 
The suggested transition is, undoubtedly, incompatible with these facts, 
if Dr. Kasha's argument is accepted. 

For the reasons given, it is most imlikely that the low-intensity (i?-) 
bands are due to electronic transitions arising in non-bonding (unshared) 
electrons. They should involve a biradical state or triplet state involving 
the bonding electrons, which view is at least in agreement with all known 
observations including the comparatively low energies of these transitions. 

Thus, there should also be Httle justification to assume that the phos¬ 
phorescence state and the excited state obtained in absorption are different 
electronic states, particularly, since they would possess at least in the 
investigated thioketones and nitroso compounds* almost equal stability. 
This would be a remarkable coincidence.f 

There is also no need to introduce an almost quantitative radiationless 
spin-orbit-coupling-dependent internal conversion from the excited singlet 
state to a triplet state, the quantitative occurrence of which one should 
have great dif&culty to explain. 

Dr, M. Kasha (Chicago) said : I am glad that Dr. Burawoy made 
a comprehensive summary of his researches in their relation to the work 
by Reid and myself on JS/’-heterocyclic spectra. This gives me an oppor¬ 
tunity to correct any unintended impressions that we feel we are in any 
way pioneers in the interpretation of non-bonding electron transitions, 
or in the use of acidic solvents in absorption spectral studies. The com¬ 
ments in the third section of my paper apply strictly only to the JV*- 
heterocyclic spectra, although in a general way most of the statements 
should be valid for other w transitions. We recognize the work 
done by Dr. Burawoy, and found his work on azo compounds especially 
helpful as a guide in our work. 

However, it is easy to show that Dr. Burawoy is wrong in tr3ring to 
give a uniform interpretation to the “ weak " bands of azo compounds, 
carbonyl compounds, possibly our n tr* bands in iST-heterocychcs, the 
well-known shoulder on the long-A side of the ethylene absorption band, 
as well as certain free radical spectra. 

Firstly, it is of utmost importance to specify the absolute absorption 
intensity of such bands. Thus, although all of the above may be con¬ 
sidered as “ weak " bands, among themselves they differ in intensity by 
a factor of over looo or more. Secondly, singlet-triplet absorption bands 
inay be rigorously identified by the behaviour of their intensity as a func¬ 
tion of atomic number of substituted atoms (see my paper and especially 
Fig. i). Most of the bands discussed by Dr. Burawoy do not satisfy this 
behaviour; certainly the bands we identify as singlet-singlet ^ 
bands in the ^-heterocyclics show no sensitivity to atomic number. For 
sma l l molecules like ethylene, in which halogen substitution greatly per¬ 
turbs the w-electron system, the energy of the transitions is so greatly 
affected as to make the study of atomic number effect uncertain. How¬ 
ever, of all the cases cited by Dr. Burawoy, the ethylene hump " re¬ 
ferred to may be the only example of a singlet-triplet transition. 

The work on singlet-triplet absorption bands done at California by the 
late Prof. G. N. Lewis and myself (see footnotes 4 and 7)t always made 
use of the indispensible correlation with emission sped^ mentioned in 
the present paper. I believe that Dr. Burawoy's spectral studies do not 

* My paper, this Discussion. 

t The remarks refer only to the weak absorption bands. 
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touch on singlet-triplet transitions (for which the absorption coefficients 
have the very low values of from o*oooi to about o-i or i), nor do they 
involve triplet states. 

Dr. A. Burawoy (Manchester) (communicated) : Dr. Kasha's two 
arguments cannot be accepted. Firstly, his claim that the extinction 
coefficient for singlet-triplet transitions should be smaller than unity is 
already contradicted by the singlet-triplet transitions of the Cl,, Br, 
and I, molecules referred to in his original communication. They are 
not only responsible for weak absorption bands of much higher intensity 
(€, 90, 160 and 740 respectively),* but as pointed out in 1930 also show 
the very characteristic solvent effect of aU weak (R —bands arising from 
highly localized electronic transitions in double bonds. Arbitrarily 
chosen intensity limits are, of course, no criteria for any particular t3^e 
of electronic tr^sition. 

Secondly, it is misleading to state that most of the weak bands dis¬ 
cussed by me do not satisfy the rigorous criterion for singlet-triplet 
absorption bands requiring increasing intensities with the atomic number 
of substituted atoms such as the halogen atoms.® Actually, no relevant 
determinations are reported in the literature with exception of a few data 
for halogen substituted carbonyl compounds, and in this case contrary 
to Dr. Kasha's claim a considerable increase of the intensity in the order 
of substituents H < Cl < Br < I is, indeed, observed and thus should 
apparently represent strong additional evidence for the singlet-triplet 
character of the weak carbonyl band. 

The intensity of the weak carbonyl band is known to increase in the 
series H—CH,CH=0 (e, 14) Cl— (31), Br— (83) and according to un¬ 
published determinations in hexane With E. Spinner in the series 
H—CH,CPh=0 (€, 44), Cl— (81), Br-~ (140), I— (350). 

Prof. J. Franck (University of Chicago) said : In his interesting and 
very condensed outline of the content of seven papers, Dr. Kasha has 
reported on radiating as well as on radiationless transitions in complex 
molecules. In respect to the latter he makes use of the hypothesis that 
the transitions are caused by internal conversion; i.e. a radiationless 
conversion of electronic excitation energy of a molecule into oscillation 
energy of its atomic constituents. I, too, favour this point of view and 
have said so on different occasions, for instance in attempts to explain 
certain features of photosynthesis. I am, therefore, interested to find 
out whether Dr. Kasha's new observations rule out all possibility that 
the radiationless transitions from singlet to triplet stats may be brought 
about by other processes. This is the reason why I would welcome addi¬ 
tional information about some points relevant in this respect. 

(i) Have any direct experiments been made by Dr. Kasha which 
indicate that the radiationless transitions occur from the non-oscillating 
singlet state to the triplet state ? Or does the transition rather occur from 
the oscillating state during the period in which oscillation energy given 
to the molecule by the excitation process is dissipated by the contact 
with the molecules of the cold solvent ? If the former is the case, the 
ratio of fluorescence yield to phosphorescence yield will be independent 
of the frequency of the existing light down to the limit of the 0,0 singlet- 
triplet transition. In the latter case the ratio should rise steeply with 
declining frequency in the neighbourhood of 0,0 transition. Such a 
change should, according to my opinion, in many cases be observable if 
internal conversion is responsible for the radiationless transition. 

(ii) Have experiments been made on the dependence of the ratio 
fluorescence yield to phosphorescence 3rield upon the concentration of the 
complex molecules in solid solution ? If the ratio stay^ constant down 
to very small concentrations this would again speak strongly in favour 
of traiisitions caused by internal fe-ctors in the complex molecule, whereas 

* Cf. Rabinowitch and Wood, Trans, Faraday Soc.^ 1936, 32, 540. 

C* 
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a rise of the ratio in the region of low concentrations could be regarded 
as an indication that intramolecular processes, for instance, sensitized 
fluorescence, may play a role. 

(iii) Finally, I would appreciate clarification of a theoretical problem 
which, though of minor importance in Dr. Kasha's paper, might be of 
general interest. The question is as follows : is it justified, as is done 
by the author in one of his derivations, to assume that the transition 
probability calculated from the integrated absorption of the whole band 
of the singlst-triplet intercombination is the same as the one calculated 
from the observed lifetime of the non-oscillating triplet state ? May it 
not be that by the removal of oscillation energy the admixture of singlet 
quality to the triplet state ma,y be considerably lowered ? In that case 
the ncn-osciUating triplet state may possess a longer hfetime than the 
same triplet state containing as much oscillation energ}* as is transferred 
to the molecule, together -with the electronic excitation by the process of 
light absorption. 

In a discussion ^vith H. Sponer about a week after the meeting the 
present writer has been informed that Nordheim, Sponer and Teller® 
have already published the same conclusion as was the basis of question 
(iii), namety, that the probability of a forbidden transition may easily 
be enlarged by the presence of oscillation energy because the borrowing 
of intensity from a nearly allowed transition ma.y be increased by the 
oscillations. 

Dr. M. Kasha (Chicago] said ; In reply to Prof. Franck, the depend¬ 
ence of the ratio x = iLe frequency of excitation was studied. 

However, because the band-width of the exciting light was of the order 
of loo to 200 A only a limited statement may be made : the ratio x 
was found to be independent of exciting frequency from a few thousand 
cm.”i above the zero-point level of the lowest excited singlet state to 
frequencies corresponding to the fifth singlet electronic state above the 
ground state. From this it was concluded that the radiationless transi¬ 
tion to the lowest triplet state takes place at or within looo to 2000 cm."^ 
of the zero-point vibrational level of the lowest excited singlet state. 

The dependence of the ratio x '^vas not studied specifically for its \"ari- 
ation \vith concentration of the solute. Most of the experiments were 
done at solute concentrations of o*ooi M or less. It was determined 
(McClure) that the triplet-singlet decay constants were independent of 
concentration in this range for most cases. It was also found that 
fluorescence quenching was absent in the rigid glass. Therefore, it was 
assumed that at the high \iscosities of the rigid glass solution, all colUsion- 
dependent processes were inhibited, and that, in this regard, x was in¬ 
dependent of concentration. 

Regarding Prof. Franck's point that the intersystem crossing process 
possibly may be an intermolecular process rather than an internal con¬ 
version, there are also numerous experimental data of another kind 
against this possibility. Thus, in many cases the singlet-singlet emission 
is in a completely diflerent (higher) frequenc}^ range from the singlet- 
triplet absorption, so that the assumed condition for a resonance transfer 
of electronic energy is absent. 

Concerning the correspondence of decay constant (as a measure of 
emission transition probability^) and integrated absorption (as a measure 
of absorption transition probability) in the circumstance that the singlet- 
triplet absorption is overlapped in part by the lowest singlet-singlet 
absorption band, in general the question does not come under considera¬ 
tion. Thus, most lowest singlet-triplet separations in complex molecules 
are sufficiently great so that there is no overlapping of singlet-triplet 
absorption by singlet-singlet absorption. 

Moreover, the mixing of singlet and triplet states is not dependent on 
the mode of excitation, but on the relationship of the perturbing singlet 

® /. Chem. Physics, 1940, 8, 456. 
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and the emitting triplet electronic states. Thus, a decay constant of a 
certain magnitude indicates that the triplet state has a certain amount 
ot singlet character, so that absorption to the former state from the 
singlet ground state, or emission from that state to the ground state would 
correspond to the same degree of spin-orbital couplmg. 

Prof. Franck has indicated that the above answer is not a satisfactory 
one. In the light of a further discussion with him I should like to add 
these comments. Aside from the electronic aspect of the problem which 
is considered above, there is a further point on vibrational-electronic 
coupling. Not only are there involved oscillations of the triplet state 
as pointed out by ]^of. Franck, but in the emission process, ground state 
oscillations are excited analogously. The transition probability for both 
absorption and emission is given by the summation of the transition 
moment integrals over the vibrational-electronic wave functions. In 
absorption the wave functions are mainly for the zero-point vibrational 
level of the ground state and all of the permitted vibronic wave functions 
of the excited state; in emission the wave function for the zero-point 
vibrational level of the excited state and all of the permitted vibronic 
wave functions of the groiDid state are involved. Clearly these summations 
are not the same, and a degree of approximation will be involved in re¬ 
lating the resultant transition protebilities. However, tor small con¬ 
figurational changes upon excitation, as may be anticipated for excitation 
of low electronic levels of multi-bonded nuclei, the relationships may be 
expected to be quite good. Since these are not calculable, experiment 
must be used as a guide. Data are now accumulating, and for the half- 
dozen cases for which reasonably good data are now a\^ilable, correlations 
within a factor of i to 2 are obtained. Since the lifetimes of, e.g. phos¬ 
phorescence of molecules range over a factor of 10®, the correlation is a 
practicable and useful one. 

Prof. R. Mecke (Freihiifg i, Br,) said : As to the statement by Kasha 
that in hydroxylic and other solvents vibrational structure is completely 
blurred, I will refer to my paper (§ II, Fig. 8 and Table III). Here we 
found phenol to be a hydroxylic compound which is a very sensitive re¬ 
agent in testing, by the broadening of the OH bands in the infra-red, 
the effect of solvents on hydrogen bonding. Pure hydrocarbons and halo¬ 
gen derivatives show only a small effect. Aromatic compounds (benzene) 
broaden the OH band appreciably on account of the w-electrons. Solvents 
containing oxygen, expecially compounds -with carbonyl groups, ^vill 
almost completely blurr the OH band, so that it is scarcely detectable. 

Dr. M. Kasha {Chicago) said : The transition probability^ of absorption 
bands involving the nitrogen non-bonding electrons {n n*) -was the 
same for pyTidine in both hydrocarbon and hydroxy’lic solvents (including 
water). 

Mr. A. R. Burgess {I,CJ,, Welmyn Garden City) [contributed ): It is 
interesting to try to interpret some photochemical reactions in terms of 
Dr. Kasha's paper. It seems that an w w* excitation results in chem¬ 
ical reactivity developing at the atom carrying the lone pair. Thus, if 
benzophenone is irradiated in alcohol solution, tetrabenzpinacol is formed 
in 80 to 90 % yield (even in the presence of oxygen). This may be inter¬ 
preted in the following scheme, 

(CeH5)»O=0 . . . HOC*H, (CeH5)sC—OH -f- OCJEI, (i) 

2(CeH5),COH [(CeH,),COHJ, .(2) 

zCsH^O CaH^OH -f CHgCHO.(3) 

In Kasha's nomenclature, the excitation of the benzophenone is of 
the ty'pe w -> w*. The molecule changes, by’- intersystem crossing, from 
a singlet state to the lowest triplet (or ** free radical") state, which is 
presumably responsible for the dehydrogenation of the solvent. This 
would resemble the direct attack of oxygen on hy^drocarbons, 

RH -f O, R- -f- HO;. . 


• (4) 
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Many other reactions of aromatic carbonyl compounds listed by Schon- 
berg can be explained using the same initial step. 

The dehydrogenating action of an excited carbonyl may show up in 
the aliphatic series. A simple explanation of Norrish's Type II non¬ 
radical decomposition of ketones was advanced by Rice and Teller 
which fits in with this idea. 



Recently Blaisdell has shown that photo-excited azobenzene can 
also dehydrogenate a solvent; again this would seem to involve an n -> w* 
transition. 

Under the conditions which benzophenone gives 80-90 % yield of the 
pinacol, we have found that 2-hydroxy benzophenone is quite stable. 
Its u.-v. absorption is unaltered and evaporation of the solution gives a 
product of unchanged melting point. This must be due to the intra¬ 
molecular satisfaction of the dehydrogenating tendency of the excited 
lone pair. Presumably the hydrogen atom moves to a more central 
position between the two oxygenation atoms, but it is doubtful if the 
tautomer is ever formed. 



It is interesting that a large number of 2-hydroxybenzophenones 
and salicylic compounds^® have been patented as light stabilizers for 
plastics. In these laboratories we have concluded that light stabilizers 
probably function by absorbing powerfully the damaging u.-v. radiation 
so protecting the light sensitive groups in the substrate. However, the 
electronic energy gained by the absorber must be lost rapidly (8) before 


sensitization (9 and 10) can take place : 

A -i- hv A* . . . . • (7) 

A* A + /cr . . . . (8) 

A* -j- O3 radicals . . • (9) 

A* + substrate -5- A -h substrate* . . • (10) 


According to Kasha we must in general equate A* to the lowest triplet 
state. Either this must be too inactive to undergo reactions (9) and (10) 
or must itself undergo rapid conversion to the ground singlet state. It 
will be interesting to see Dr. Kasha’s full comments on such conversions. 
Does he think that this could be brought about by the coupling of the 
nuclear motion of the H atom with the electronic changes in sudi hydrogen- 
bonded molecules ? 

Prof. H. Sponer {Durham, N.C,) {communicated) : I should like to 
mention that the research on the picoline spectra by J. H. Rush and 
myself was j&nished last year but the results are still unpublished. Since 
our main objective was a study of the spectra, we made an efEort to ob- 

1® SchOnberg and Mustafa, Chem. Rev., 1947, ^81. 

See Waters, Chemistry of Free Radicals (Oxford, 1946). 

Rice and Teller, /. Chem. Physics, 1938, 6, 489. 

Blaisdell, Pkotochemisiry in J^loHon to Te^iles (S.D.C., 1949). 

D.S. Pat. 2,364,027 ; U.S. Pat. 2,434,496. 

“ Brit. Pat. 545, 326. 
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serve and measure as many bands as possible, that is about 75 bands in 
a-picoline, about 120 in )S-picoline and 65 bands in y-picoline. analysis 
of the spectra has been given. In all three cases did we observe two 
different systems, one consisting of relatively sharp bands and another 
consisting of diffuse bands. The diffuseness is least in jS-picoline and 
largest in y-picoline. In this substance a third system may be present. 
The solution spectra of the three picolines in wo-octane, as taken by 
Harold P. Stephenson in our laboratory, show the same appearance as 
those in cyclohexane presented by Dr. Herington, and our curves in alcohol 
solutions resemble those in sodium hydroxide solutions reported on here. 

Prof. H. Sponer [Durham, N.C.) said: As was pointed out in the paper 
by Dr. Cave and Thompson the appearance of the absorption spectra 
of 0-, m-, ^-disubstitutcd benzenes is of interest in coimection with struc¬ 
tural problems. These spectra show indeed some marked differences. 
In the cases which were studied in our laboratory, namely the dichloro- 
benzenes and the xj'lenes recentl3’' by C. D. Cooper, we found that the 
para spectra exhibit the valence vibration of the substituents against 
the ring carbon atoms in a strong band comparable in intensity to the 
main totally symmetric carbon \dbrati0n3, while the corresponding sub¬ 
stituent \’ibration in the ortho and meia derivative gives rise to a band 
of much smaller intensity or it may even be absent. The para spectrum 
usually looks less complex than the other two. This may be connected 
with the fact that the higher symmetry of the para deri\’ative wiU impose 
more selection rules than the other lower symmetries do. For two like 
substituents the para spectrum is notably stronger than the other two 
spectra which has been explained theoretically by Sklar. If, however, 
the substituents have different directing powers as in the fluorobenzo- 
trifluorides the para spectrum may have the least intensity of the three. 

It would be interesting to determine the /-values of the spectra reported 
by Cave and Thompson. 

The appearance of the individual groups in the spectra of di-sub- 
stituted bmzenes is also different for the different isomers. This struc¬ 
ture, usually attributed to v—v transitions, has in no case been explained 
quite satisfactorily. The possibility of overlapping of v—v transitions 
resulting from various vibrations and of similar transitions involving 
different vibrations in the upper and lower states will contribute to the 
complexity. 

In connection with the irregularity in the shifts of the 0,0 bands in 
the fluorobenzotrifluoride series it may be mentioned that Beck^® has 
observed that in the series of the di-hj^droxybenzenes the usual shift 
towards lower frequencies along 0-, ?;z-, ^-substitution is here replaced by 
the order m-, 0-, ^>-substitution. 

The question of which of the fluorinated toluenes shows the sharpest 
bands seems interesting. We have reasoned from plates taken at low 
pressures that the ortho bands are sharpest in the cases we have studied 
although the bands of «?-dichlorobenzene are almost equally sharp. The 
^-dichlorobenzene bands look slightly diffuse. In the xylene series the 
/^-compound has the most diffuse bands. 

In conclusion, I should like to add that I am pleased to see that the 
assignments of the benzotrifluoride bands given in the presented paper 
are practically identical with those discussed by Lowe and myself.^® 

Dr. H. W. Thompson [Oxford) said : I am sorry that we had missed 
the recent work of Sponer and Lowe on benzotrifluoride, but it is very 
pleasing now to find that our separate vibrational analyses agree so weU. 
As regards the sha^ness of the bands found with substituted aromatics, 
we have had the impression that with ortho derivatives the bands are 

“ Rev, Mod, Physics, 1942, 14, 224, 

Sklar, J, Chem, Physics, 1942, lo, 135. 

^®/. Chem. Physics, 1950, 18, 1135. 

i® /, Opt, Soc. Amer., 1949, 39, 840. 
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less sharp than with the para compounds, but this may be illusory and 
may even vary from case to case. 

I should like to ask Prof. Sponer about her views on the close groups 
of bands near those main bands forming the main progressions. We 
have explained these as z; ~ t; transitions, but the intensity relationships 
are not very satisfactorily explained. This peculiar feature seems to 
occur with many of the substituted benzenes. 

Prof* J. Rud Nielsen [Oklahoma University, U.S.A.) said : It may be 
of interest to point out that the a>" values given for benzotrifluoride and 
?w-fluorobenzotrifluoride agree ivithin a few cm.“^ with Raman frequencies 
recentl}’ obser^'-ed at the University of Oklahoma by Hudson. For 
^-fluorotoluene all but the lowest m" value obtained agree i\dth observed 
Raman frequencies. 

Dr. R. N. Haszeldine (Cambridge) (communicated) : The ultra-violet 
absorption spectra of the fluoro- and chloro-benzotrifluorides in solution 
in petroleum ether and in alcohol have been examined. The results for 
the fluoro-benzotrifluoiides are in general agreement ^vith those of Miller 
and Thompson, with the exception of the values of extinction coefficient. 
With w-fluorobenzotrifluoride there is the expected shift to the red of the 
intense band of longest \vavelength relative to the corresponding band 
in benzotrifluoride. W^ith the chlorobenzotrifluorides, both 0- and m- 
chlorobenzotrifluoride have the long wavelength band at approximately 
8 m/t further into the red than benzotrifluoride, whereas with ^-chloro- 
benzotrifluoride the long wavelength band almost coincides with that of 
benzotrifluoride itself. There is, however, an inflection at 4m /a furthe 
into the red than benzotrifluoride. The extinction coefficients for the long 
wavelength absorption maxima are also anomalous foi benzotrifluoride 
and the 0-, m- and ^-chlorobenzotrifluorides and are in the approximate 
ratios i : 2 : 1*5 : 0*5, whereas in the series toluene, 0-, wz-, ;^-fluorotoluenes, 
the approximate ratios are i : 3 ; 2 : 4. The unusual electronic inter¬ 
action between the trifluoromethyl group and the para halogen atom is 
thus still apparent although reduced for the chlorobenzotrifluorides. 

Dr. A. Burawoy (Manchester University) (communicated) : The 
evidence advanced for the various suggested assignments of the absorp¬ 
tion bands of benzene at about 1800 A and 2000 A to certain electronic 
transitions is, on the whole, rather inconclusive.*® Based on theoretical 
considerations and an analysis of the \ibrational structure and intensity 
of the bands, it always involves the consideration of the spectrum of 
benzene alone. 

Attention may, therefore, be called to another empirical approach to 
this problem which is based on the comparison of the spectrum of benzene 
with the spectra of its derivatives and leads to a more convincing assign¬ 
ment of the two benzene bands under discussion. This may be illustrated 
with the help of a few examples which could be easily multiplied : 


X 

X—CH==CH--CHW=CHj«* 

x-< 
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Xk 

8 
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8 
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8 
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99 
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®® Cf. Craig, this Discussion. 

My determinations, if not otherwise stated. 
Cf, Braude. Arm. Reports, 1945, 105. 

*» Gillam and Hey, J. Ckem. Soc., 1939, 1170. 
** Platt and Klevens. re\A*r am 
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The spectra of butadiene and diphenyl show strong long-wave bands 
at about 2170 A and 2470 A.f Substitution of these substances and of 
benzene by groups such as NHg, CCH8=0 and CeHs is responsible for a 
shift of these bands as well as of the benzene band system at 2000 A to 
longer wavelengths in a similar order, the displacement being also accom¬ 
panied by similar increases of the intensity. The above groups were 
arbitrarily chosen because they are of a very different type and responsible 
for comparatively big effects. 

This is convincing e^udence that, independent of any interpretation, 
these absorption bands are of the same type (iiT-bands). Since the strong 
long-\vave absorption bands of conjugated hydrocarbons such as butadiene 
and diphenyl (and of their derivatives) correspond in MuUiken’s termino¬ 
logy to allowed electronic transitions of the NV type, the benzene band 
at 2000 A should also correspond to the only quantum-mechanically 
allowed transition of this tj’pe ivith the upper level of symmetry Ej*. 
The comparatively high intensity (e, about 6900) is also better accounted 
for than hy the assumption of any forbidden transition. 

Dr, Walsh has already pointed out that it is the benzene band at 
2000 A which fits well in a graph relating the first ionization potential 
tvith the frequency of the allowed NV transitions for ethylene and its 
conjugated derivatives, but in the present paper this band is attributed 
to a Ry’^dberg transition. 

Hatung assigned the upper level ■Eiu to the band at 2000 A, it is neces¬ 
sary’- to reconsider the origin of the iSoo A band. The only alternative 
is its identification as a Rydberg transition. The authors of this paper 
have given convincing eridence that this band at least partly represents 
a Rj^dberg transition. It may be suggested that the whole absorption 
band originates in this transition. 

Its greater intensity as compared vith the higher members of the 
corresponding Rydberg series is not surprising since the lowest member 
should have a much higher intensity. The fact that the 1800 A band is 
to a much lesser degree influenced by substituents as compared with the 
2000 A band (already recognized by Dr. Walsh and supported by the 
apparent absence of such bands in more complicated organic molecules 
at least above about 2300 A) is in good agreement with this assignment 
since it indicates an increased localization of the electronic transition. 

In the course of their fundamental investigations of the spectra of 
olefines, Carr and Stucklen s’ have called attention to the similarity of the 
benzene bands under discussion with these observed in the spectra of 
ethylene and its homologues. The latter also possess a strong band 
system at 1650 to 1750 A and a weaker one (mainly) at longer wave¬ 
lengths. Substitution of ethylene by alkyl groups leads to an increasing 
separation of the two band systems indicating a slightly greater influence 
on the weaker band s>’-stera. 

Carr and collaborators identified the strong system with an NV 
transition and the weaker one ^vith a Rydberg transition. These assign¬ 
ments appear to be generally accepted. This necessitated the assumption 
that substitution by a vinyl group, e.g. in butadiene, would displace the 
strong band system at shorter wavelengths of ethylene to about 2100 A 
(this band definitely corresponding to eui NV transition), whereas the 
weaker band system would be only slightly changed. This is in contra¬ 
diction to the effect of alkjd groups and, particularly, to the observation 

t The “ benzene ” band of the R** type to be expected in the spectrum of 
diphenyl approximately at A, 2700 A and €, 500 is not observed, being obscured 
by this band of much higher intensity. 

Walsh, Ann. Report, 1947, 39 ; cf, also MuUiken, /. Chem. Physics, 1939, 
7» 20, 353; Price and Walsh, Proc. Roy. Soc. A, 1947, 191, 22, 

*® Walsh, Proc. Roy. Soc. A, 1947, *9** 

” Carr and Sttlcklen, /. C/icw. Physics, 193b, 4,7O0; 1938,6,53 ; 1939,7,631. 
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that in styrene the weaker 2000 A band of benzene is much more strongly 
displaced to longer wavelengths than the intense 1800 A band.*® 

These facts indicate that the assignments of these band systems in 
olefines should be reversed. The 1800 A benzene band should correspond 
to the strong bands obser\"ed at about 1650 A in ethylene and 1750 A 
in ethylene homologues, butadiene and hexatriene which should also be 
Rydberg transitions. Its high intensity is accounted for by the presence 
of three ethylene groups. 

Dr. Lucy W. Pickett Holyoke Coll,) (communicated) : Some recent 
experimental results on the intensity of the absorption of benzene vapour 
in the vacuum ultra-violet which were obtained at Mount Holyoke College 
perimental results on the intensity of the absorption of benzene vapour 
in the vacuum ultraviolet which were obtained at Mount Holyoke College 
under ONR sponsorship may be of interest in connection with the above 
papers, one of which attributes the benzene band at 2000 A to an A^g^-Eig 
transition and the other to the first member of a Rydberg series. The 
measurements show that this band system has a maximum height €=6600 
and an oscillation strength of 0*12. The first band of the group is lower 
than the others (e = 5000) but not sufficiently so to indicate a transition 
from a higher vibrational level of the ground state. It seems reasonable 
to suppose, as was suggested earlier,that a Rydberg transition is super¬ 
imposed on a forbidden V transition and that the diffuse appearance 
of the bands may be partially explained by such superposition. 

Dr, G, Herzberg and Dr. D. A. Ramsay (Ottawa) (communicated) : 
Experiments similar to those reported by Dr. Porter have been in progress 
at the National Research Council in Ottawa for some time. The starting 
point of these experiments was the observation of the 4050 A group of 
cometary spectra in laboratory sources by one of us *® and its tentative 
identification as due to CH,. An attempt was made to obtain these bands 
in absorption in ketene that was photochemically decomposed by a 
mercury lamp. When this proved unsuccessful an apparatus using the 
flash technique first described by Porter and Norrish was set up. In 
order to check the efficiency of our set-up we have repeated some of the 
earlier experiments of Porter on CS and CIO and, in addition, not knowing 
of Porter’s recent work on HS, we have carried out independent work 
on it. 

Our absorption spectra were taken in the second order of a 21-ft. 
grating giving a dispersion of 1*25 A/mm. which is considerably larger 
than the dispersion used by Porter. It was for this reason that with 
CIO we were able to detect a distinct diffuseness of the rotational lines of 
the absorption bands of low v' while those of high v* are quite sharp. 
This diffuseness at low v* is undoubtedly due to a predissociation of the 
upper electronic state of the CIO bands. The predissociation limit is 
below the energy of the upper levels of the first observed absorption 
bands. One is therefore necessarily led to the conclusion that at the 
convergence limit of the absorption bands dissociation takes place into a 
normal (*P) Cl atom and an O atom in the state. The same con¬ 
clusion was already drawn by Porter but on the basis of an extrapolation 
of the vibrational levels of the ground state which is somewhat uncertain. 
Depending on whether the Cl atom at the convergence is in the “Pg; ^ or 
*Pi/, level one obtains for (CIO) 22141 or 21260 cm,“i. 

The 0,0 band of HS was obtained in photochemically decomposed 
HjS under the same high dispersion as the CIO bands. The satellite 
branches are well separated from the main branches. The 1,0 band is 
rather weak at high resolution but stronger at low resolution confirming 
the suggestion of Porter concerning this point. 

In none of our experiments was the diffuse band system given by 

** Carr and Stficklen, /. Chem, Physics, 1939, 7* 631, 

" Herzberg, Astrophys J., 1942,96, 314. 
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Porter observed. In one experiment, however, when HgS was photo- 
lyzed in the presence of oxygen, the S2O2 bands near 3000 A were 
obtained. 

Dr, R. F. Barrow (Oxford) (communicated) : We have recently ob¬ 
tained the absorption spectra of some relatively long-lived species by 
using an electrodeless discharge in a large bulb (10 1.). At suitable pres¬ 
sures the luminous discharge may be confined to a region near to the 
walls of the bulb, leaving the region along the axis of the bulb dark. 
The absorption spectra of radicals fcrmed presumably near the walls and 
diffusing into the centre may then be observed. In this way, Mr. R. K. 
Laird has photographed bands of the A^II — system of CS, the i, o 
and o, o bands of the — X^Il system of NS and a progression of CFa 
bands, identical with some of those observed in emission by Venkateswarlu.® ® 
Qualitative experiments suggest that the life-times are all of the order of 
a few seconds. CF^ appears to be one of the first polyatomic radicals to 
be identified in absorption, and it is worth remarking that its life-time 
under these conditions seems to be longer than that of CF w-hich has 
not so far been detected in absorption. 

Mr. S. Leach (Paris) said : In a recent investigation of the emission 
of HgS using a Schiiler-type discharge tube, I found the 0,0 band of 
SH at 3236*6 A but no trace of any other SH bands. With DgS the 
0,0, 0,1 and 0,2 emission bands of SD were obtained. Work is at 
present proceeding on an analysis of these bands. In addition to well- 
known Sfl bands of the ^2 transition there appear about 30 bands 
between 3100 A and 4200 A which show no isotopic displacement and are 
presumably due to sulphur although they do not fall into any known 
transition of Sj. No indication was found in emission of the diffuse band 
system 3168-3797 A obtained by Porter ia absorption. 

Prof. P. Goldfinger (Universiie Libre de Bruxelles) [communicated) : 
I should like to ask Dr, Porter whether the following point has been con¬ 
sidered. The new value of the dissociation energy of the SH radical of 
about 85 kcal. permits us to calculate the energy of removal of the first 
H atom o± H^S if the dissociation energy of Sg is known : 4*4 eV is the 
usually accepted value. However, Goldtoger, Jeunehomme and Rosen 
have given arguments for a lower value of 3*3 eV and Herzberg and 
Mundie for 3-6 eV. These three values yield for the energy required 
for the removal of the first H of HgS, 88, 79 or 75 kcal. Is there any direct 
evidence about the magnitude of this energy ? This could decide, even 
if it were only an upper limit, the value of Dgg. Or could a comparison 
with Hg, for which the figures are well known (about 115 and 102 kcal.) 
help to answer the question about HgS ? 

Dr. G. Porter (Cambridge) (cm^iviunicated) : Like Dr. Herzberg and 
Dr. Ramsay we have made several attempts to obtain the spectrum of 
methylene in absorption, some of these experiments being mentioned at 
a previous Discussion of the Society,*® and in fact the flash technique was 
originally developed lor this purpose. All attempts have been un¬ 
successful despite the fact that a partial pressure of methylene of several 
mm. Hg was probably present in some cases; it is possible that the 
higher resolution of the apparatus mentioned by Herzberg and Ramsay 
will be of assistance in tMs problem. The long life of CF* reported by 
Dr. Barrow is interesting in this connection, we have been unsuccessful 
in attempts to find the spectrum of CClg in the photochemical decomposi¬ 
tion of CCI4, both alone and sensitized by Clg, and it seems improbable 
that it has a comparable stability. Incidentally CFg and CS should not, 

*®Vallance-Jones, /. Chem, Physics (in press). 

Laird, Andrews and Barrow, Trans, Faraday Soc., 1950, 46, 803. 
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by the usual definition, be described as free radicals as both have singlet 
ground states. 

The difEuse band spectrum obtained in the photolysis of H,S appeared 
quite strongly as is sho^vu in Plate I which is taken through 4-cm^ HaS, 
I msec, after the beginning of the flash, the total decomposition being 
about 25 %. It may have been missed by the other workers owing to 
the relative weakness of diffuse spectra at high resolution. Owing to 
this diffuseness the isotope shiCt is difficult to detect and it will be useful 
to have measurements of the band system mentioned by Leach, which 
occurs in the same region, to see whether there are any coincidences. 

In reply to the question of Prof. Goldfinger, the only direct e\adence 
about the energy of removal of the first H atom from KgS is the low 
frequency limit of continuous absorption at 37,000 cm.“^ which is of no 
assistance in deciding between the three suggested ^ulues for D(Sa). 
All the known data show a close resemblance between the HgO and HaS 
molecules and the OH and SH radicals and although analogies of this 
kind are somewhat uncertain one would not expect the energy of removal 
of the first H atom from HgS to be less than that of the second in view of 
the great difference in HjO. If this argument is accepted we are led to 
D(Sa) = 4-4 eV rather than the lower ^u-lues. 

Dr. S. Robin and Dr. B. Vodar (Paris) (communicated) : We would 
like to quote a few results concerned with the solvent effect upon the 
displacement of the electronic absorption bands. This effect was studied 
with compressed gases as solvents.®® The solubility of phenanthrene in 
compressed Nj, A, or is sufficient for permitting the study of the 
strongest ultra-violet bands. Spectra were obtained as a function of 
pressure up to 1200 atm. Thus it was possible to obtain the displacement 
of the absorption bands as a function of the solvent density for various 
solvents Hg, Ng and A. At equal density the shifts are smaller for Hg 
than Ng or A. For all three solvents the shifts in wave numbers, for 
bands at about 2450 and 2850 A, are not far from a linear function of the 
solvent density ; they are certainly not a quadratic function of this density, 
as they should be according to the statistical'' theory.®^ However, 
this theory was developed for the shifts of atomic lines and is not easily 
applicable to phenanthrene, but some preliminary results found for the 
sodium resonance line with argon as the compressing gas show that the 
quadratic shift is certainly not observed up to 1200 atm. This points 
to the fact that the solvent effects at high densities may perhaps be de¬ 
scribed only by taking into account the potential energy curves for the 
solvent and solute. 

Finally we want to emphasize that various compressed gases can be 
used as solvents in the Schumann region where ordinary solvents are 
not transparent. We recently obtained the absorption spectrum of 
phenanthrene in argon up to 900 atm. between 2300 and 1500 A. 

®® Robin, Compt, rend., 1950, 230, 1757. 

Foley, Physic. Rev., 1946, 69, 616. 


n. VIBRATIONAL AND ROTATIONAL SPECTRA 

INTRODUCTORY PAPER 

By H. W. Thompson 


The remarkable development during the past ten years of technical 
equipment for measuring infra-red and Raman spectra has given a far- 
reaching stimulus to the application of such measurements in physics 
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and chemistry. It would have been impossible within the compass of a 
Discussion of this kind to deal effectively with all aspects of the field, and 
therefore we shall not—other than incidentally—deal with the variety 
of current experimental problems which interest many of those present. 

I may perhaps say, however, that the underl)dng basis of the technical 
advances has been primarily concerned with better methods of detection 
and measurement of small amounts of radiation, whether in the infra-red, 
\isible or ultra-violet. Moreover, apart from enhanced sensitivity, the 
speed of measurement and general reliability of the results has been so 
greatly improved that infia-red work has passed from being a delicate 
capricious child into a sturdy respected adult. 

The effects of these experimental achievements have been twofold, 
namely (i) to provide greater freedom in choosing the kind of apparatus 
suitable for different kinds of problem, and (2) to allow us, because of the 
increased detector sensiti\ity, to introduce ancillary equipment appropri¬ 
ate to certain problems which by its vciy- nature may involve a loss in 
the detectable energy. Thus, on the one hand quick scanning of the 
infra-red spectrum using the oscillograph can now be applied to the 
study of flames and rapid reactions, robust recording spectrometers of 
moderate speed and good resolving povrer are a\’ailable for routine in¬ 
dustrial work, or infra-red apparatus without a dispersing element can 
be applied to analytical determinations. On the other hand, spectra can 
be measured at low temperatures, or with polarized radiation, and crystals 
or fibres may be measured if a reflecting microscope is harnessed to a 
suitable spectrometer. 

At the time of the last Discussion on this subject held by this Society 
five years ago, the sharp impact of the new technique upon essentially 
chemical problems had just become felt. It had been possible to measure 
rapidly the vibrational spectra of a large number of fairly complex com¬ 
pound^, thus revealing the significance of the new tool in chemical analysis 
and structural diagnosis. Since that time, an immense volume of work 
has been carried out which has restored a balanced application in both 
physics and chemistry, and points to many useful applications in bio¬ 
chemistry. It may be pertinent to note that whereas most of the earlier 
w'ork had the primax}” aim of measuring frequencies as accurately as 
possible, i.e. the positions of lines and bands, more recently we have been 
at least equally concerned with the intensities of absorption. 

The kind of information which we can obtain is determined primarily 
by the kind of molecule which is to be examined. With very small mole¬ 
cules, usually in the vapour state, analysis of the rotational structure of 
vibration bands may lead to knowledge of the molecular geometry, and 
to the assignment of frequencies to normal modes. Closer examination 
of some of these bands using the higher resoKung power now available 
promises to give further information about vibrational-rotational energy 
interactions, and the energy levels of polyatomic molecules, about the 
anharmonic character of vibrations, and to lead to a deeper understanding 
of molecular dynamics in general. In some of these cases, special phe¬ 
nomena such as internal rotation of molecular groups or the inversion of 
pjnamidal structures like ammonia can be explored. The intensities of 
absorption of infra-red rotation lines or bands, or of Raman lines, are 
also of great interest, since ^rith smaller molecules where some sort of 
normal co-ordinate treatment can be made it may be possible to correlate 
the intensities with the ionic properties or polarizabilities of bonds. 
Results show, however, that in many such simple cases, the standard 
absorption laws break down, and the question arises whether any general 
absorption law can be formulated. Measurements on pressure broadening, 
in this connection, can lead to information about processes of energy 
transfer during molecular collisions. From a more practical standpoint, 
the understanding of such absorption laws for simple gases is \ital in 
such fields as meteorology, where atmospheric gases are to be determined. 
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With molecules of intermediate size, too, we may in some cases hope 
to derive an essentially complete assignment of frequencies, and the main 
features of the molecular structure both as regards geometry and internal 
field of force. The use of isotopes, especially deuterium, has often ex¬ 
tended such theoretical analysis. Even when the vibrational analysis is 
incomplete, the spectra can be used empirically for analysis and some¬ 
times for diagnosis. More reccntty, attention has been directed to the 
study of spectra under different conditions, c.g. in different states of 
aggregation and particularly at low temperatures. The selection rules 
permitting appearance of vibration bands with a free molecule of given 
symmetry may be completely changed if the molecule is placed in a crystal 
lattice and surrounded by a field of essentially different S5rmmetry. Bauds 
usually sharpen at lower temperatures and htnee it may arise that a 
degenerate mode of the free molecule may be split up in the crystal, and 
the nature of such splitting may conversely indicate the symmetry pro¬ 
perties of the cr^’-stal. Alternatively, the occurrence of phase changes in 
the solid state may be accompanied by spectral changes. Also, when 
rotational isomerism can arise, the mfluence of temperature upon the 
intensities of bands may reveal much about this phenomenon. 

With highly complex molecules, such as polymers, peptides, carbo¬ 
hydrates, or resins, our approach must be somewhat different. A com¬ 
plete vibrational analysis is impossible here, but the spectra of different 
molecular skeletons usually show sufficiently characteristic differences as 
to make empirical differentiation and analysis possible. More important, 
however, is the fact that certain atomic groupings retain in different 
molecules essentially constant vibration frequencies, so that key bands 
can be adopted for diagnosis. Tables of such correlations have now 
been drawn up and have been valuable not only in working out the struc¬ 
ture of new compounds of biological interest, but also for detecting 
unsuspected groups in synthetic polymers and condensates. A recent 
extension of -Siis work has come from the use of polarized infra-red radi¬ 
ation, which enables us to determine in some measure the relative 
orientation of special groups in an ordered or crystalline structure, or to 
estimate chain branchhig or chain folding, and thus elucidate further the 
relationship between molecular structure and physical properties. 

Several other points deserve special mention. For instance, theie is 
good cause to ttunk that hydrogen bridge formation is of fundamental 
importance in controlling the properties of many kinds of compound, 
Sind infra-red spectroscopy is well suited to its investigation. Yet we 
caimot at present maintain that this phenomenon is at all well under¬ 
stood, and there is still room for more work on the subject. Again, the 
development of the region of mm. and cm. waves and the enormous 
resolving power which can be obtained there has already given data about 
the rotational spectra of simple molecules from which bond lengths and 
molecular geometry can be determined ivith high precision, far exceeding 
that possible by other infra-red methods. These measurements, providing 
as they do other information about nuclear spin moments, internal 
torsion and so on, are of supreme value, but it must be realized that 
infra-red measurements on the higher vibrational levels are still required 
for a complete knowledge of the molecular dynamics. 

The later part of this Discussion will deal with the reflecting micro¬ 
scope. This instrument, which in the infra-red has obvious advantages 
over a refracting instrument, was used several years ago for studying 
very small quantities of material and for fibres, and its great promise 
for work with crystals, particularly using polarized radiation, has still 
to be exploited. The possibility of using it for work with biological 
cells and tissues involves certain limitations, but that will emerge in our 
subsequent discussion. 

This, then, provides an outline of the topics which will be considered 
at this Discussion, We shall first deal with the smaller molecules, problems 



H. W. THOMPSON 


85 

of geometric structure, frequency assignment, and molecular d3mamics. 
We shall then deal with complex molecules, man}’^ of which are of interest 
in relation to the biology of the living cell which is to follow. Some 
questions which may well be in our minds throughout are : (i) what 
can we learn further about the dynamics and force fields in the simpler 
molecules, (2) how far can we safely use the correlation of frequencies 
with groupings in diagnostic work, and (3) how can we extend our know¬ 
ledge by the use of special additional techniques such as low temperature 
spectroscopy, polarized radiation or the reflecting microscope. 


A STUDY OF THE LOW FREQUENCY 
FUNDAMENTAL BANDS IN THE SPECTRUM 

OF AsHs 


By Harald H. Nielsen 
Received joih July, 1950 

An analysis of the two low frequency fundamental bands and r* in AsHs 
js attempted and conclusions drawn in a previous paper ^ are thereby tested. 


The two high frequency fundamental bands in the infra-red spectrum 
of AsHa and AsDa (vi and in Dennison’s notation) have been studied 
and an anatysis of their structure has been reported upon in an earlier 
article. 1 This analysis permitted certain conclusions to be drawn con¬ 
cerning the dimensions of the molecule and concerning the force constants. 
We shall attempt in this article to report on an analysis of the two low- 
frequency fund^ental bands (va and V4 in Denison’s notation) in AsHg 
and thereby test the conclusions drawn in the earlier paper. 

The experimental details are the same as those discussed in -the earlier 
communication. The measurements w^ere made using an absorption cell 
24 cm. long fitted with windows of NaCl and filled -with gas to a pressure 
of about 30 mm. Hg. The spectrograph used has been described else¬ 
where 2 and wns equipped -with a replica grating made by Wood -with 
3600 lines per inch concentrating the radiant energy of 7-0 /x in first order. 
The data was recorded with slits equivalent to a frequency inter^^al of 
about 0*25 cm.~^. The data, redrawn from the records, are shown as the 
upper cur\'e of Fig. 3. Table I gives the positions of the lines in the high 
frequency branch of the higher frequency band and -the low frequency 
branch of the low^er frequency band. The lines in the region between the 
bands form a pattern too complicated for analysis and their frequency 
positions are not given here. 

The frequency V4 is a perpendicular band. It arises from a transition 
from the normal \ibration state to the -two-fold degenerate state character¬ 
ized by the quantum numbers T’4 = i and = ±1, F4 being the total 
\ibration quantum number and 14, being the quantum number of angular 
momentum associated with F4 = i. Each rotation level is, moreover, 
two-fold degenerate corresponding to the plus and minus values of the 
rotation quantum number K, Hence every rotation-vibration energy 
level would be four-fold degenerate in K and ^4 except for the fact that the 
degeneracy is partly removed by a Coriolis interaction between rotation 
and the two components of the vibration 1^4. Each of these component 

^ McConaghie and Nielsen, Physic Rev,, 1949, 75, 604. 

* Bell, Noble and Nielsen, Rev, Sci. Instr,, 1947, 4^* 
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states remains, nevertheless, two-fold degenerate. The frequency is a 
parallel band and arises from a transition from the normal vibration state 
to a state characterized by the vibration quantum number ^3=1. This 
state is non-degenerate. The frequencies P3 and are nearly coincident 
in the AsHj molecule and here, unlike in the instance of and vj* a rather 
strong Coriolis coupling between them is to be expected. The net Coriolis 
interaction between the frequencies V3 and the two components of V4 is, 
therefore, similar to that which occurs in molecules like CH4 where three¬ 
fold degenerate vibrations exist. Coriolis interactions in S5nnmetric 

TABLE I. —^Table of Line Frequencies in the Bands vg and V4 in AsHg * 


Line No. 

Frequencies in cin.“i 

Line No. 

Frequencies m cm.-i 

Line No. 

Frequencies in cm.“i 

-19 

857-5 

14 

1022*5 

47 

1077*9 

-18 

857-8 

15 

1023*5 

48 

1078*7 

-17 

860*0 

16 

1024*7 

49 

1079*9 

— 16 

86i*7 

17 

1025*7 

50 

io8o*8 

“15 

864-5 

18 

1027*1 

51 

1084*0 

-14 

866*3 

19 

1027*9 

52 

io86*2 

“I3 

868*0 

20 

1028*5 

53 

io88*o 

— 12 


21 

1030*4 

54 

1089*1 

— II 

875-8 

22 

1032*4 

55 

1090*0 

— 10 

876*7 

23 

1035*0 

56 

1090*8 

“ 9 


24 

1037*0 

57 

1093*8 

- 8 

883*6 

25 

1037*6 

58 

1094*7 

- 7 

887*6 

26 

1038*9 

59 

1096*1 

- 6 

889*2 

27 

1040*8 

60 

1097*3 

“ 5 

891*8 

28 

1044*7 

61 

1098*3 

“ 4 

893-5 

29 

1045*7 

62 

1099*2 

“ 3 

899-5 

1 30 

1047*4 

63 

1100*5 

— 2 

904-4 

31 

1049*0 

64 

1104*8 

— I 

906*9 

I 32 

1050*6 

65 

1105*8 



33 

1054*1 

66 

iio6*8 

I 

1005*4 

34 

1054*9 

67 

1107*9 

2 

1005*9 

35 

1056*1 

68 

iio8*7 

3 

1007*2 

36 

1058*1 

69 

1110*2 

4 

1008*9 

37 

io 59'7 

70 

1114*3 

5 

1010*0 

38 

io6i*o 

71 

III5-7 

6 

ioio*S 

39 

1064*0 

72 

1116*7 

7 

ioii*7 

40 

1065*6 

73 

iii8*4 

8 

1013*1 

41 ! 

1067*2 

74 

iii9*3 

9 

1014*6 

42 

io68*3 

75 

1120*5 

10 

1016*3 

43 

1069*9 

76 

1125*5 

11 

ioi8*5 

44 

1071*5 

77 

— 

12 

1020*3 

45 

1076*4 

78 

— 

13 

1021*6 

46 

1077*2 

79 

— 





80 

1129*6 


♦The data given here are from the dissertation, A Study of Some Bands 
of AsHg, AsDg, PHg, presented in 1948 by Virginia IMarie McConaghie for the 
degree of Doctor of Philosophy at the Ohio State University, Columbus, Ohio. 

molecules of the nature here described have been discussed by Nielsen * 
vrhere it was shown that the energy matrix breaks down into steps, a 
separate step for each value of /. Each substep, corresponding to a given 
J value, is found to consist of 3(2/ -f-1) rows and columns and factorize 
into furUier substeps. Since \K\ < J there will always be two identical 
steps with a single element each, two identical steps each with two rows 
and columns and the rest will have three rows and columns each. The 
form of the determinant for the general substep is found to be 

* Nielsen, Physic. Rev., 1945, 68, 181. 
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A’+i 

K 

A-i 

A'+i 


|-/(/+i)-A(A+i)J^ 

0 

K 




K-^i 

0 




where 

and 8 = - A - tR^ 

with A={Ro- Ro - i?a - 3 ^z) + - R2 + 6i?s). 

The R{ in the above are those defined in an earlier paper/ the primed and 
unprimed values referring to V3 and v 4 respectively. « in (i) is defined to be 

l34[(^3 T" ^ 1 ) Rf ““ -^2 — 2i?3), 

where ~ hf^ir- c 

and fa* is the Coriolis coupling factor between wj and £04. There will be 
an odd number of substeps with three rows and columns each and these 
will be identical in pairs except for the step where K o which is unique. 
The substep where K = o msjy be factorized to give the roots e = — i and 

6 = - [(I + 8);2] db {[(I - 8)/2]^ + J(J + 

the latter two roots degenerating to c = — 8 and e = — i when / = o. 
It is interesting to note that the residual two-fold degeneracy of the rota¬ 
tion-vibration levels of the state v* referred to earlier is thus removed by 
the perturbation for the states, where K = ^4 = -f i and A' = 14 = — i. 
This is a case of ^-t3"pe doubling entirely' like that discussed by Nielsen ® 
except that here the perturbing frequencies are close enough to each other 
to produce resonance. The effect is, therefore, of first-order significance. 
The determinant (i) leads to the well-kno^wl Coriolis splitting, discussed 
by A^rious authors,® in spherically' symmetric molecules where 
ci)^ = CO4 and also ^4 = ^34* 

Application of the Theory to the Observed Bands.—^An analysis of 
the observed bands from which the constants of the molecule might be 
determined in the usual manner does not seem to be a practicable pro¬ 
cedure here because of the extreme overlapping of the high frequency side 
of V3 with the low frequency side of v* which prevents effective application 
of the combination principles. Moreover, if the energy levels were identi¬ 
fied each value would have to be identified with some value € before 
evaluation of the molecular constants could be carried out. Theoretically, 
the evaluation of c depends in general on the solution for the roots of a 
cubic equation. Since this is, at best, a difficult task we have chosen to 
proceed in the follovdng somewhat different manner. 

We have anticipated, from previous knowledge concerning such 
interactions, that their effect 'will also here be essentially to alter the effect¬ 
ive moments of inertia in the excited states. We shall here assume that 
the deviations of the moments of inertia in these excited states from the 
v^ues obtained for them in the normal state due to other causes than the 
Coriolis interaction is negligible. We shall take A to be simply V4 — V3 
and set it equal to 100 cm.-^ which is approximately the distance between 

® Nielsen, Physic. Rev., 1941, 60, 794. 

® Nielsen, ibid., 1950, 77, 130. 

® Johnson and Dennison, ibid., 1935, 48, 868; Jahn, Proc. Roy. Soc. A, 
193S, 168, 469. 
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band centres. It is necessary further to draw some conclusions concerning 
f 84. This quantity has been expressed theoretically by Shaffer ’ who gives 
for it the following relation 

= 8 [j 3 (i - 

where 52 == (j _ 

and a, j8 and 8 are constants of a transformation to normal co-ordinates 
and may be evaluated from a knowledge of the normal frequencies. We 
have evaluated ^34 to be about 0*54. A verification of this value may be 
had in the folio-wing manner. The coefiScient of 8 in the relation for ^34 
is found to be o*86. It -was concluded in our earlier work on Vi and vj 
that the Coriolis coupling coefficient fig niust be ver}’- close to zero. One 
may obtain an independent -value of 0*87 for [p{i — 5 *)^ — (xblV 2] if fig, 
given by Shaffer ® to be 

== >'[a(i - + Ph/Vl], 

is set equal to zero so that 

« = - pb / V 2 (I - 

remembering that ol^ + p — 1, 

The degenerate Coriolis coupling factor Ci may be determined from the 
relation ?»+£«= 

{2 ha-ving been found in the earlier work to be fa = — 9-0602. The value 
obtained is £4 = “• 0*432. When the above quantities are substituted 
into (i) the energies for various values of J and K may be obtained by 
solving for the roots e. This has been done here up through the value of 

7 = 10. 

The selection rules governing the transitions must be known before 
predictions concerning the spectrum may be made. The frequency V4 
is a perpendicular -vibration where the selection rules are A/ = i i, o; 
Aiji = ± I and the frequency vj is a parallel -vibration where the selection 
rules are A/ = ±1,0; AK = o. The Coriolis interaction links these two 
-vibrations so that in both instances both types of transitions are permitted. 
It becomes a prohibitive task, however, to calculate the degree to which 
the mixing of the wave function of the two frequencies takes place, but in 
any event, it seems unlikely that it .eed be taken into accoimt in computing 
the intensities since only when the rotational energies are large compared 
to the difference vs — V4 will the effect be significant. This would be true 
only for large values of J and K, It has, therefore, been assumed that 
for transitions to the higher frequency component of the resonating doublet 
(*^4 • I'a),(Dennison's notation) the selection rules are those for a perpendicu¬ 
lar -vibration and for -transitions to the lower frequency component of the 
resonating doublet (vj: v*), the selection rules are those for a parallel band. 

It is not possible to set down explicitly the energies of the molecule in 
the excited state because the energies depend upon the roots of a cubic 
equation. Neither, therefore, can the frequency positions of the lines be 
set down explicitly. A study of the roots of (i) for various values of J and 
K allows one to state, however, -that the interval between the highest 
frequency components of the groups of lines in the high frequency branch 
of the band (v* : (i.e. / + K = 7 ) is very nearly 

equal to Av = (21 — {4)0. Similarly, one may show that the intervals 
between -the lowest frequency components of the groups of lines in -the low 
frequency branch of the band : V4 (i.e. / ->/ — i; K ^ o K — o) 
increase with J from Ap == 2R to Av = 2(1 — 4f34)5. The principal 
effect of the interaction on the energy levels is to produce characteristic 


’ Shaffer, /. Chem. Physics, 1941, 9, 607. 
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convergences in the bands. Since bands in which Coriolis resonance inter¬ 
actions of the nature here described occur have not, to the author^s know¬ 
ledge. been studied before Fig. i and 2 are inserted. Fig. i(a) shows the 
Q branches of a perpendicular band (A/ = o, A^ = ± 1) for a molecule 


III I i i I I 

K.I—K.O K.I-.K.2 

illHIiili, II I I t i I I 
K-a—K.l K.2—K.3 

„ _ ^ - lliMftihi 1*111 II , 

K.3—K.2 .. K.3—K.4 

iilliiii I I I i I I I . 


Fig. I. Structure of PQ and RQ branches in a symmetric molecule where Coriolis 
resonance does not exist and where Coriolis resonance does exit. 

like AsHs where the interaction is set equal to zero. Fiff. i(b) shows the 
afiect of fte perturbation in the case of\sH. on each oM 0 t^cht^ 
It IS of interest to note hoiv the first sq branch is split into two parts be¬ 
cause of the removal of the degeneracy of K = I = ± i. one part where 


\ \ \ \ \ I i 

W \ \ \ \ \ 

'^WW 

\ \\ \ • 

') 'ill I 

Fig. 2.—RR hnes m a symmetric molecule where CorioUs resonance does not 
exist and where resonance does exist. 


the TOmponents diverge toward higher frequencies and another part where 
^1 the components fell together. Fig. 2(a) shows the appeaiaice of the 
SR hues asso<^ted with J = 7. K taking the values A = 0 to R = 6 
for a molecule like AsH j when the Coriolis resonance interaction is set equal 
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to zero. Fig. 2(&) shows the effect of the perturbation on these same lines 
for the AsHa molecule. The lines in the high frequency branch of (v^; vg) 
predicted from the energy levels computed from (i) using the constants 
stated earlier with C' set equal to 3*628 cm.-^ are showni below the ex¬ 
perimental curve in Fig. 3(&). The intensities have been computed on the 
basis that the mixing of the wave functions may be neglected for the J 
values involved in the transitions involved here. It is further assumed 
that the two parts of the first branch have the same intensity. It is 
seen that the agreement between experiment and theory is good, particu¬ 
larly among the lines. 

The frequency vg in XYg molecules may be regarded essentially as one 
where the pyramid is deformed sjunmetrically, i.e. alternately flattened 
and made more pointed. It is, moreover, evident that in such molecules 
two positions of equilibrium will exist for the X atom, one at a distance 
above and another at a distance below the Yg triangle. The double 
minimum of the potential energy function associated with the vibration has 
a result that the vibration levels occur in pairs, one symmetric and the 
other antisymmetric with respect to a reflection at the origin. In the 


(C) 


Fig. 3.—The frequencies vg and V4 in the infra-red spectrum of AsHg. 

instance of the NHg molecule, which may be regarded as the prototy'pe 
of all XYg molecules, the doubling is approximately i cm.“i in the lowest 
state, but in the first excited state the doubling is about 35 cm.“i. The 
frequency vg is therefore a double parallel band with two Q branches and 
in which two sets of P and R lines can be identified. The reader is referred 
to the ^vo^k of Sheng, Barker and Dennison * for a complete discussion of 
this band. 

The Q branch in the band vg in the spectrum of PHg was observed by 
Fung and Barker* to be double in nature, the separation being about 
2*4 cm.-i. This was interpreted by them and subsequently by Sutherland, 
Lee and Wu to mean that the doubling in the normal state is negligible 
and in the first excited state is equal to about 2-4 cm.-i. Sutherland, Lee 
and Wu have argued convincingly that the doubling in the AsHg molecule 
must be a great deal smaller than in the PHg molecule. It is, therefore, 
surprising to observe that the Q branch in the band vg (i.e. (vg: V4)) also 

* Sheng, Barker and Dennison, Physic, Rct'., uj4r» 60, 786. 

» Fung and Barker, ibid,, 1934, 4 Sf 238. 

Sutherland, Lee and \Vu, Trans. Faraday Soc., 1939, 35, 1373. 
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has a doubling of about 2-5 cm-\ Nevertheless, an attempt was first 
made to interpret the region (V3: V4) in the spectrum of AsHg on the basis 
that it was a double parallel band, as with NH3, with band centres separated 
about 2*5 cm.“i. One encounters the immediate difficulty that two sets 
of P lines are not obser\'ed; in fact, if one superimposes two parallel 
bands separated by 2*5 cm,-i plotted from the energies for the component 
(vj; V4) as determined from (i) one obtains entirely too many lines. On 
the other hand, if it is assumed that the doubling in the first excited state 
is also negligible, i.e. o*i cm.”^ or less, the band which one would observe 
would be a single parallel band. Such a band, predicted from the energies 
given by (i), wull be seen in Fig. 3(c). Again the intensities are those for 
the unperturbed molecule. It will be seen that this band predicted theo¬ 
retically accounts for all the lines observed except four or five. Those 
nearest the centre of the band may almost certainly be ascribed to transi¬ 
tions higher than / = 10 contributing to the Q branch. No immediate 
explanation is available for the two lines farther from the centre and marked 
with asterisks, although they might perhaps be ascribed to lines in the 
extremity of the low frequency branch of (V4 : V3). It is also just conceiv¬ 
able that they might be two of the most intense lines in a transition from 
the first excited vibration state to the second. 

It is suggested, therefore, that the doubling of the Q branch in (vj: v^) 
in the spectrum of AsH 3 is only an apparent one which is due to the nature 
of the convergence of the Q branch caused by the perturbation we have 
considered. The lines for transitions up through / = 10 contributing 
to the Q branch were plotted as triangles, the base of which is about equal 
to twice the elective slit width and the result integrated. The result of 
this is shown in Fig. ^{c) although the individual lines are not indicated. 
It is suggested that the reason the two principal components appear 
equally intense experimentally is due to the fact that the gas sample used 
was sufl&cient to produce complete absorption at these points. 

It is, of course, of interest to inquire what the inversion doubling is 
in PH 3. While this spectrum will be discussed elsewhere the reader is 
referred to the bands {v ^: V4) and {v^ : which axe extremely similar 

to the corresponding bands m AsH 3. It will be seen that the P branch 
of (vj: V4) plotted in 3(c) is almost an exact reproduction of (v^: v^) as 
observed in the PH 3 spectrum. This suggests further that even in PH3 
the doubling is only an apparent one and that the doubling in both the 
lower and first excited states may be regarded as negligible. 

A knowledge of the altitude Jiq of the AsH® pyramid will permit an 
estimate of the splittings of the vibration levels of to be made if certain 
assumptions concerning the potential barrier restricting the passage of 
the As atom through the H® plane can be made. This problem has been 
studied by Dennison and Uhlenbeck vrho have adopted a potential 
function which may be expressed in the following manner : 

2F/fiv3 = (;»r — from x = {Xq — (x) to x = 00 ; 

2F//1V3 = -f- Xq)* from x =: [ol — x^) to x = — 00 

and zV/hif^ = a® from ;r = (a?o — a) to x = (a — x^). 

They have derived the following relations for the splittings in the normal 
and first excited vibrational states. 

(Avo/vj) = (2a/ni) exp[— a* — — a)(a> — l)i] . . . (2) 

(Aj-i/v,) = [(4a» - 4a)M] exp[- a> - 2{x, - a)(a» - 3)!] . , (3) 

where A, = {h/4tr*ta>t)iXa and + Jli), 

h being Planck's constant. 

The assumption we shall make here is that the hei^t of the potential 
barrier V remains the same for AsHs as for the NH3 molecule where the 

i^McConaghie and Nielsen, Proc, Nat. Acad., 1948, 34, 456. 

IS Dennison and Uhlenbeck, Physic. Rev., 1932, 313- 
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splittings are well known. The potential barrier in the case of NHg may 
be computed from the relations (3) to be about 1770 cm.”^. Using the 
above assumption we obtain then for a and in the instance of AsHg these 
values, a = 1*943 ^nd ;v„ = 8*212. Substituting these values into {3) 
a value = 0*004 cm.-^ is obtained. While the above approximation 
is admittedly rough and the splittings of the vibration levels calculated in 
this manner can not be expected to be of great accuracy they should, 
nevertheless, be of the right order of magnitude. As may be seen, the 
value obtained for Avj is far too small to be observed spectroscopically, 
thus tending to confirm our earlier conclusion concerning the splitting 
of the levels in the frequency vg in AsHg. 

The author wishes to make grateful acknowledgment to the Research 
Corporation, New York City, for a grant-in-aid which faciliated the ac¬ 
complishment of this work. 
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INFRA-RED SPECTRUM AND STRUCTURE 
OF THE HNCO MOLECULE 


By G. Herzberg and C. Retd 
Received 12th June, 1950 

The infra-red spectrum of cyanic acid vapour from 400 to 14,000 cm.-^ 
has been studied with medium and, above 8000 cm.-^, with high dispersion. 
Comparison of the spectrum with that of related molecules shows that free 
cy^c acid in the vapour phase consists only of HNCO molecules {isocyanic 
acid). The structure of the observed bands shows conclusively that the NCO 
group in HNCO is very nearly linear and that the H atom is ofi that line. All 
six fundamentals of HNCO have been found and have been confirmed by the 
observation of a considerable number of overtone and combination bands. 
A brief discussion of the spectra of liquid and solid HNCO is included. 


A. Introduction 

The structure of “ cj'unic acid has been the subject of several in¬ 
vestigations but up to this time has remained in some doubt. This doubt 
applies both to its chemical constitution and to its geometrical structure. 
With regard to the former the ^veight of evidence seems to be in favour of 
the keto form, that is, of the structure H—^N=s=C =0 (isoc5ranic acid) 
rather than H—O—C^N. The chemical properties of the esters of cyanic 
acid suggest strongly the keto-form. The study of the ultra-violet ab¬ 
sorption spectrum by Woo and Lin ^ has revealed diffuse absorption bands 
in the region 2570-2250 A verj^ similar to those in various amines and thus 
suggesting the presence of an NH bond. According to Goubeau * the 
Raman spectrum of liquid cyanic acid shows it to have the keto form since 
the strongest frequency is 1307 cm.-^ similar to the isosteric COg. The 
keto form is also supported by early calculations of Heiiler and Rumer * 
on the basis of an extension of the original Heitler-London valence theory. 

^ Woo and Lin, J, Chem. Physics, 1935, 3, 544. 

* Goubeau, Ber., 1935, 68, 912. 

® Heitler and Rumer, GSttinger Nachr., 1930, 277. 
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On the other hand, more recently, Werner and Gray ^ have concluded 
on the basis of the two solid polymers formed from liquid cyanic acid that 
the liquid is a mixture of the keto and enol forms. Moreover, according 
to Goubeau ® some salts show Raman lines characteristic of the keto form 
(e.g. AgNCO) while others show lines characteristic of the enol form (e.g. 
KOCN). 

The geometrical structure of HNCO has been discussed by Herzberg 
and Verleger. ® They found in the photographic infra-red, with an absorbing 
path of 4 m., a single irregular band at 9700 cm.-^ which suggested that 
the molecule was far from being a S5mmetric top and therefore that the 
N—C—O group was not linear. However, the electron diffraction data 
of Eyster, Gillette and Brockway® point rather strongly to a linear or 
nearly linear structure of the NCO group both in HNCO and CH3NCO. 
This conclusion is further supported by the similarity of the in6a-red 
spectra of CH3NCO and CH3N3 found by Eyster and Gillette.’ 

The present investigation represents an attempt to settle more definitely 
the question of the chemical and geometrical structure of cyanic acid by 
means of a detailed study of its infra-red spectrum in the vapour phase. 
A brief re-investigation of the Raman spectrum of the liquid is included. 
Up until now no investigation of the infra-red spectrum of this substance 
seems to have been made except for the abo\'e-mentioned observation of 
one photographic infra-red band by Herzberg and Verlegei. 

B. Experimental 

Cyanic acid was prepared by the thermal depolymerization of cyanuric acid. 
The general technique employed was similar to that described by Linhard,® 
but the following modifications were found necessary to ensure good yields. 

(а) Preliminary heating in vacuo to 200® C was found necessary to remove 
water. Failure to observe this precaution led to the formation of some ammonia 
during the depolymerization. 

(б) The depol3n3ieiization was carried out in vacuOt and because of the 
tendency for cyanuric acid to sublime without depolymerization it was found 
necessary to volatilize it slowly at a rather low temperature (450® C) and pass 
the gas stream through a hotter tube furnace (700® C). 

(c) The bulk of the HNCO was collected in a trap kept at — 80® C, and the 
CO2 which is formed in appreciable quantities during the reaction, passed on 
to a second guard trap cooled by liquid nitrogen. This reduced considerably 
the fractionation time necessary to obtain a pure product. 

The material prepared in this way and further purified in the manner de¬ 
scribed by Linhard (oxidation of any HCN formed by Ag^O, final drying by 
PgOj and distillation from a bath at — 30® C) had a vapour pressure which agreed 
well with the values given by Linhard. It wais considered better than 99*5 % 
pure. 

The infra-red spectrum of the vapour was examined in the region 450-8000 
cm.-^ by means of a Perkin-Elmer Model 12B Infra-red Spectrometer using 
10 cm. and 100 cm. absorption cells, and LiF, NaCl and KBr prisms. In addi¬ 
tion the infra-red spectrum of the solid at — 190° C was recorded with the same 
instrument using a layer of about o-i mm. thickness. The photographic infra¬ 
red spectrum of the vapour was investigated with a 21 ft. grating spectrograph 
in a 5 m. glass absorption tube in which an absorbing path of up to 500 m, was 
obtained by multiple reflections according to the technique of White * as modified 
by Bernstein and Herzberg.^® An upper limit to the vapour pressure which 
could be used was set by the fact that above 14 cm. spontaneous polymerization 
is liable to occur. (If the vapour was only in contact with glass, occasionally 
pressures above 20 cm. were attained before polymerization but in the presence 
of metal surfaces polymerization was always mduced at lower pressures.) 

* Werner and Gray, Sci. Proc, Roy, Dublin Soc., 1947, 24* 209. 

* Herzberg and Verleger, Physik. Z., 1936, 37, 444. 

® Eyster, Gillette and Brockway, /, Amer, Chem. Soc,, 1940, 62, 3236. 

’ Eyster and Gillette, J, Chetn. Physics, 1940, 8, 369. 

8 Linhard, Z. anorg, Chem., 1938, 336, 200. 

® White, J. Opt. Soc, Amer., 1942, 32, 285. 

Bernstein and Herzberg, /. Chem, Physics, 1948, 16, 30, 
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The Raman spectrum of liquid cyanic acid at — 40® C was photographed 
for us hy Dr. D. Andiychuk using a Toronto-type mercury lamp and a Zeiss 
spectrograph of dispersion 40 A/mm. 


TABLE I.— Observed Infra-red Absorption Bands of HNCO Vapour 


vvac (obs.) 
(00.-1) 

Band Type « 

Intensity 

Assignment 

r(calc.) b 

573 

irr. c. 

8300 

(«') 

_ 

(670) 

irr. J_ ? 

16000 

V. (O 

— 

797 

res. hybrid 

31000 

(a') 

— 

1134 

unres. c. 

270 

2V5(^) „ 

1144 

1236 

irr. c. 

44 

v,+v, {A") 

1240 

1327 

unres. p. 

580 

Vz («') , 

— 

1371 (?) 

p.« 

150 

Vi+Vs (^ ) 

1369 

1480 

1592 

p. (+H3O) 

p. (+H,0) 

44 

44 

«'.+»«M O 
zv. (-4') „ , 

1467 

1594 

1802 

p. (+HjO) 

35 

2 Vt+Va {A ) ? 

1814 

1895 

IIPJ2 

150_ 

V3 + V5 ) 

1899 

1980 

P- 

100 




2018 

P. 

300 



1997 

2060 

P- 

500, 




2116 

P- 

1000 


>'3+.'4 U') 


2145 

P- 

4000 


2x24 

21G8 

P- 

4000^ 




2202 

f>i2 

7000 

d 

— 

2274 

100000 

>’» («') „ 

— 

2594 

irr. c. 

80 

*'3+»'5"r*'e ) 

2596 

2650-2800 

several p. 

20 

unassigned • 

— 

2S65 

liPR? 

120 

Vi+Vs (A') 

2846 

2951 

irr. c. 

240 

M,) 

2944 

3063 

unres. hybrid 

500 

>'«+v* ^ ) 

3071 

353* 

res. hybrid 

24000 


— 

4091 

irr. c. 

460 

(■^ ) 

4103 

4206 

irr. c. 

550 

i-i+v, (A ) 

4201 

4349 

irr. c. 

1300 

V1+V4 {A ) 

4328 

4530 

P- 

160 


4548 

4864 


290 

V1-I-V3 (Al 

4858 

5790 1 

unres. hybrid 

140 

Vi+P, (A') 
2 y,{A') 

5805 

6913 

p. unres. hybrid 

680 

6912-7 

7428 

P- 

12 

2l^+Vj {A') 

7485 

7538 

P 

10 


7583 

7692 

P- 

50 

2Vi-i-V4 (A') 

7710 

8250 

res. hybrid f 

(10) 

2Vi-i-Vs U') 

8240 

9162-9 

res. hybrid 

(5) 

2Vi-fV8 (A') 

9187 

10145-1 

res. hybrid 

(15) 

3*^ 

— 

10525 

res. 11 


2Vi-l-V8-i-V3 {A ) 

IO514 

10790 

res. J. 

(I) 

3V1+V. {A") 

10815 

10988 

res. hybrid f 

(I) 

3»l+>’« M) 

4n {A') 

10942 

13217-2 

res. hybrid 

(2) 

13228-2 


« irr. =* irregular band, 
unxes. » unresolved band, 
res. resolved band. 

c. = band for which the centre is given in column i. 

« wave number refers to a peak. 

]1 PR s= parallel band with P and R maximum ; the minimum between 
the two maxima is given in such cases. 

(-fHtO) « overlapped by HjO bands. 

* Harmonic oscillator approximation except for for which the formula 
on p. 3B is used. 

* 'Ihis peak may belong to the band v, at 1337. 

< Probably one of the fQ peaks of the J. component of v^. 

* Probably Q branches of adjacent bands. 

^ Not analyzed, rough band centre. 
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C. Observed Spectra 

The infra-red absorption spectrum of HNCO ab derived from recordings 
with the Perkin-Elmer spectrometer is shown in Fig. i which covers the region 



NOU^ilOftT % 


400 to 8000 cm.-i. The top curve refers to an absorbing path of 100 cm. at 
a pressure of 10 cm. below 5300 cm.-^ and of 18*5 cm. above that wave number. 
In the regions of strong bands additional curves for lower pressures or path lengths 
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are given (compare the italic numbers near the curves which give the product 
of pressure and path in cm. x cm.). The centres of the observed bands are 
listed in Table I. The band at 2274 is by far the strongest band. Taking 
its intensitj^ as 100,000 (and assuming Beer’s law) approximate intensities of 
the other bands are listed in the fourth column of Table I. 

Table I includes seven bands found in the photographic infra-red. Of these 
the one at 10,145 cm,-^ is the strongest. Two of the photographic infra-red 
bands are included in Fig. i. Their contours, unhke those of the ordinary infra¬ 
red bands, are not dra\\Ti to scale. It is to be noted that the band at 9700 cm.-^ 
iound by Herzberg and Verleger® is not among the bands found herewith much 
longer paths. Comparison of the old plates \vith new photographs of the photo¬ 
graphic infra-red spectrum of NH3 prove conclusively that the 9700 cm.-^ 
band is really the 3^1 band of NHg which must have been present as an impurity. 
This result removes the only argument mentioned above against the linear 
structure of the NCO group. Moreover, the photographic infra-red bands that 
have been observed and definitely assigned to HNCO show clearly very widely 
spaced sub-bands as would be expected for a molecule with one very small 
moment of inertia. This \nde rotational structure is partially resolved even 
in the ordinary infra-red (see Fig. i). These observations establish the presence 
of one very small moment of inertia for the HNCO molecule and therefore the 
nearly linear structure of the NCO group. 

The wide structure of the bands causes the absorption spectrum in the 
region of the low frequency fundamentals (400-1000 cm.“^) to appear rather 
complex. It was hoped that by studying the spectrum of the solid at — 190® C 
the spectrum would be simphfied and the band centres could be determined 
more precisely. Even though this did not turn out to be the case the baud 
centres observed in the solid are given in Table II along with the newly deter¬ 
mined Raman frequencies of the hquid at — 40® C and the corresponding infra¬ 
red values for the vapour, 

TABLE II.— Spectrum of Liquid and Solid HNCO 


Assignment 

Raman Spectrum of Liquid HNCO 

Infra-red Spectrum 
of Solid HNCO 

Infra-red Spectrum 
of HNCO Vapour 

Present Autbors 

Goubeau 

Vs+Ve 


1204 

- 

1236 


1318 

1307 

1326 

1327 


— 

— 

1377 

1371 


— 

— 

1460 

1480 

Vj 

— 

— 

2246 

2274 

i 

3410 

3320 

3133 

3531 


D. Vibrational Analysis 

The rotational structure of the absorption bands of HNCO ■will be dis¬ 
cussed in more detail in a separate paper by one of us. From the presence of 
several sub-bands in each infra-red band it follow’s immediately that not all 
four atoms can be on one straight line but rather that the molceule is approxim¬ 
ately a symmetric top. The moments of inertia of this top in the low’est 
vibrationi level were found to be 

IA 0*91537 X io-«® Is = 75*907 X 10-*®, Iq = 76*824 X 10-^® g. cm.s. 

The fact that is appreciably smaller than even the moment of inertia of free 
NH (which is 1*714 X 10-*®) shows conclusively that the three heavy atoms 
N—C—O must lie at least approximately in one straight line -with the H atom 
off that line at an angle much different from 90®. All four atoms are most 
probably in one plane. The structure is entirely similar to that of the iso- 
electronic NjH established by Eyster.^® 

The point group to which such a molecule belongs is C,; there is only one 
element of symmetr>% the plane of the molecule. Consequently there are two 

It would be difficult to prove this point rigorously from the spectrum. 

** E3rster, J. Chem. Physics, 1940, 8,135. 
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species of normal vibrations and eigenfunctions designated A* and A'* which 
are respectively symmetric and antis3rmmetric with respect to the plane of 
symmetry. It is readily seen that five of the six normal vibrations of HNCO 
belong to species A' and only one to species A*\ The former are designated 
vi, Va, vj, V4, V5 in order of decreasing feequency, and the latter vg. In Fig. 2 
these normal vibrations are represented schematically. 

Since the figure axis of the nearly S3nnmetric top lies in the plane of the mole¬ 
cule (at a small angle to the N—C—O line) the antisjunmetric vibration 
r* (a") and any overtone and combination bands of species A" will give rise 
to perpendicular bands consisting of a series of sub-bands of spacing 2{A-^B). 
On the other hand for the S3^metric vibrations the change of the dipole moment 
occurs in a direction which is in general not at right-angles to nor in line with 
the figure axis. Therefore the corresponding bands are in general hybrid bands 



Fig. 2. —^Normal vibrations of HNCO. 

The vector diagrams are qualitative. The geometrical dimensions are drawn 
according to the results of the rotational analysis. 


consisting of both a perpendicular and a parallel contribution. The ratio of 
these two contributions varies for different vibrations. 

With these considerations in mind most of the fundamentals are readily 
identified. The strong band at 3531 cm.-i is a clear example of a hybrid band ; 
the strong double maximum at the centre corresponds to the || component; 
the side maxima are Q branches of the sub-bands of the J. component. This 
band must be identified with the N—vibration Vj. The very strong band at 
2274 cm.-*^ shows almost only || structure and fits the assignment vg. The 
magioitude of this fluency is similar to that of the antis3mimetric stretching 
vibration vg of COj into which HNCO would go over if one could combine the 
H and N nuclei. The predominant || character of this band is in agreement with 
the fact that the NCO ^oup gives the main contribution to the change of dipole 
moment for this vibration as in CO*. The vibration vg of HNCO is expected 
to have about the same frequency as the symmetric vibration (lO of COg. It 
must be identified with the strong Raman band 1318 cm.-^ of HNCO. The 
corresponding infra-red band at 1327 cm.-^ is comparatively weak correspond¬ 
ing to the fact that vj of COg is infra-red inactive. Even though this band 
corresponds to an N—C—O stretching vibration it has pronounced hybrid 

^®See, for example, Herzberg, Molecular Spectra and Molecular Structure, 
II: Infrared and Raman Spectra of Polyatomic Molecules (New York, 1945). 
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cliaracter because the dipole moment change in the K—C- L) group is very 
snaall (compare COg) and the motion of the H atom gives the mam contribution. 

Two strong perpendicular or hybrid bands are superimposed in the region 
650-1000 cm.~^. On the basis of the rotational levels of the ground state of 
HNCO known from the photographic infra-red spectrum an analysis of the 
coarse rotational structure of one of these bands has been possible and the band 
centre been located at 798 cm.“^ This band has clearly a (| and a J_ com¬ 
ponent. The Q branches of the sub-bands are indicated in Fig, i. It seems 
certain that this band is due to the N—H bending vibration v^. 1 he peaks at 
786, 760, 746, 732, 720 and 6S3 cm.-^ are not accounted for in this way. They 
must be ascribed to a second band whose centre we assume to be at 670 cm.-^ 
(see below). 

A third strong band occurs near 572 cm.“^ whose insufficiently resolved 
structure suggests a hybrid band with predominating 1| component. It appears 
natural to interpret the two bands 670 and 572 cm.-^ as due to the two HN—C—O 
bending fundamentals V3 and (see Fig. 2), that is, corresponding to the CO2 
fundamental V2 = 667 cm.-^. Since Vg is a pure perpendicular band it cannot 
be identified with the band at 572 cm.“^. Thus we are led to the assignment 
vj = 572, vg == 670 cm.”^. The structure of the 670 cm.-^ band is not 
sufficiently clear to show conclusively that it has no || component. The 
spacing of the observed peaks is rather less than one would expect for a 
J, band. However, in view of the proximity of vg to a strong Coriolis inter¬ 
action may be expected similar to that discussed by Nielsen^ for H2CO. 
Evidence for this is the anomalously large divergence of the Q branches of 
toward higher wave numbers. With this in mind a provisional assignment 
of the peaks not belonging to has been made in such a way that they diverge 
to lower wave numbers (see the designations in parentheses in the botton strip 
of Fig. i). It is assumed that the -PQj peak is superimposed on the 572 cm.-^ 
band and PQ branches at longer wavelengths lie beyond the region accessible 
to us. That is why the zero line (670 cm.~^) is placed to the long-wavelength 
side of the prominent peaks mentioned above. It must be admitted that this 
point in the vibrational anal3rsis is not entirely satisfactory and needs further 
study with higher resolution. The fundamentals are printed in bold-face type 
in Table I. 

In addition to the fundamentals a considerable number of overtone and 
combination bands has been found (see Fig. 1). The assignments are readily 
obtained and are given in Table I. The series of hybrid bands vi, 2vi, 3V1, 4^1 
extending into the visible region is particularly noteworthy. It can be repre¬ 
sented by the formula 

= 3^5*6 — 74-65 

which has been derived from the two most accurately measured bands, vi and 3vi. 

The three vibrations vg, vg, vg occur in combination with each of the other 
fundamentals v^, vg as well as with forming fairly characteristic groups of 
three bands. Their structure is similar to that of the group of fundamentals 
vg, vg, vg but not as well resolved. The || components seem to be more prominent. 
However, vi-{-vg, vg-f-vg should be pure X bands just like vg. A way out 

of this difficulty seems to be to assume that again the Coriolis interaction be¬ 
tween vj-l-vg and vi-[-v4 (and similarly for the other pairs) complicates the rota¬ 
tional structure. An alternative would be to assume that the group of lines 
near 700 cm.-’- is due to 2vg (A') which, like j»g and vg, would be a hybrid band. 
Its strength could be accounted for by Fermi resonance with vg which would 
occur in a similar way in all the combination bands mentioned. Ihis assumption 
would place Fg at 350 a value that appears rather too low but perhaps 

not impossibly so. Our equipment did not aUow a recording of the absorption 
spectrum near 350 cm.-^. 


£. Discussion 

As mentioned in the Introduction there has been some uncertainty 
with regard to the constitution of HNCO although the arguments in favour 
of the isocyanate structure are rather strong. In presenting the vibrational 
^alysis of its spectrum we have tacitly assumed that the HNCO structure 
is the correct one. A number of aditional arguments confirm this as¬ 
sumption. 

“Nielsen, /. Chem. Physics, 1937, 5, 818. Ebers and Nielsen, ibid,, 1937# 
5 , 822. 
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The fact that the large number of infra-red bands can be readily ac¬ 
counted for in terms of six fundamentals is strong evidence that only one 
type of molecule exists in the vapour and not a tautomeric mixture of two 
forms, confirming Goubeau's conclusion from the Raman spectrum of the 
liquid.^® This rules out the existence of a keto-enol equilibrium as as¬ 
sumed by Werner and Gray.* 

That the form actually occurring is HNCO and not HOCN is confirmed 
by a comparison with certain other molecules. Table III gives the fre¬ 
quencies and estimated intensities of the stretching vibrations of HNCO, 
COs, HN3, N2O, HNCS and OCS. As mentioned before there is a con¬ 
siderable similarity between HNCO and COj. If the structure of cyanic 
acid were HOCN it would be expected to be similar to FCN. While the 
spectrum of this molecule has not been investigated it is clear that in the 
series of isoelectronic molecules 0=C=0, 0=N=N, F—C~N the asym¬ 
metry increases. In COj one of the stretching vibrations is so symmetrical 
that it does not occur in the infra-red, in NjO both stretching vibrations 
are very strong in the infra-red. The fact that in cyanic acid the lower 
stretching vibration is quite weak in the infra-red shows that the molecule 
is nearly symmetric, that is, similar to CO^ and not to FCN ; in other words, 
the molecule has the structure HNCO. It may be noted that in N3H 
which corresponds to N^O both N—^N—^N stretching vibrations are about 
equally strong in the infra-red. 

The HNCO structure is further confirmed by the fact that thiocyranic 
acid has one very similar frequency. The 3531 cm.-^ frequency of cyanic 
acid by itself might have been equally well accounted for as an NH or 
an OH frequency; but in thiocyanic acid the frequency 3536 cm.-i can 
only be an NH frequency. The close agreement of the two frequencies 
in HNCS and HNCO makes it certain that also in HNCO the observed 
frequency (3531 cm.~i) is due to an NH vibration and that the molecule 
is HNCO rather than HOCN. 

TABLE III.— Stretching Vibrations of Related Molecules 


hn=c=o 

o=c=o 

HN=?N=N 

0 =N=N 

HN=C=S 

o==c==s 

3531 s 

2274 vs 

1327 w 

2349-3 vs 

S 1388-3 r, 

\ 1285-5^ 

3335-6 m 
2140-4 s 

1269*05 

2223-5 VS 

1285-0 vs 

3536 s 

1963 VS 

995 ^ 

2050*5 vs 

859*2 vs 


The large deviation of the NH frequency in HNCO and HNCS from 
that in NgH is noteworthy. It emphasizes the need for caution in drawing 
conclusions from the agreement or non-agreement of normal frequencies 
in polyatomic molecules. 

The large shift of the NH frequency in going from the vapour to the 
liquid (see Table II) is due to hydrogen bonding. An even larger shift 
occurs for example for the OH frequency in CH5OH (see ^®). The vapour- 
liquid shift of the frequency’' V3 is very much smaller than that of vi. There 
appears to be an additional large shift of in going from the liquid to the 
solid indicating stronger hydrogen bonding. 

We are greatly indebted to Dr. D. Andrychuk for a photograph of 
the Raman spectrum of liquid cyanic acid. 

National Research Council, 

Division of Physics, 

Ottawa, Canada, 

The infra-red spectrum allows one to ascertain that there cannot be more 
than 0*5 % of a tautomer while the Raman spectrum had placed this limit at 5 %. 






INFRA-RED ABSORPTION SPECTRA OF TWELVE 
SUBSTITUTED BENZENE DERIVATIVES FROM 
15 TO 40 MICRONS 


By Earle K. Plyler 
Received, agth June, 1950 

The infra-red spectra of benzene and twelve benzene derivatives have been 
measured in the liquid state in the region from 14 to 38 in order to observe 
the location of the bands and to compare the experimental values with those 
that have been theoretically predicted. The substituted benzenes included 
were the mono-substituted halogen benzenes, toluene, ethylbenzene, the three 
dimethylbenzene isomers, and the three trimethylbenzene isomers, all of which 
were highly purified samples. 

Assignments of the observed bands of benzene are discussed, and a table is 
given listing the observed bands and their classifications for the singly and doubly 
substituted benzenes. A list is also given of the observed bands of the tri¬ 
methylbenzene isomers, and their classifications are discussed. 

A brief discussion of the experimental method used in the long wavelength 
measurements with the thallium bromide-iodide prism is included. 


For certain types of measurements in the infra-red region a prism 
spectrometer is better suited than a grating spectrometer. At present 
nearly all testing and analysis is carried out with a sodium chloride prism, 
whereas the potassium bromide and thallium bromide-iodide prisms have 
been employed somewhat sparingly for such work. Since 1946 prisms of 
thallium bromide-iodide have b^n grown and its use has extended the 
spectral region to 40 /a. This crystal is usually grown with 58 % thallium 
iodide and 42 % thallium bromide. A certain amount of difficulty has 
been experienced in the growth of high quality pure crystals, and con¬ 
sequently some prisms contain regions of difEerent indices that cause a 
blurring of the image and lead to poor resolution. The crystal is so soft 
that it has been necessary to devise special methods for pohshing. These 
methods have been perfected to the point that surfaces which are fiat to 
within three fringes of green light for over 95 % of each of the prism faces 
can be obtained. Usually there can be observed a large number of very 
fine scratches which are insignificant in the long wavelengths unless they 
produce scattered refiections. The prism is held in position by sealing 
it to the prism table. If the prism is clamped to the table with the pressure 
at the top, deformation may result. Over a period of two years no ap¬ 
preciable change in the index of refraction of the prism has been observed. 

Some prisms have been tested that introduce a large amount of stray 
radiant energy, and in some cases this has been found to originate in the 
body of the prism. Two prisms of good quality have been obtained and 
a partial separation of the water absorption lines at 357*5 and 359 cm.'^ 
has been accomplished. A Golay cell and a Perlrin-Elmer thermocouple 
have been used for detectors. The instrument is calibrated by the use of 
the water absorption lines as measured by Randall,^ Dennison, Ginsburg, 
and Weber.^ In order to reduce the water absorption when spectral 
measurements are being taken, dxying agents are placed under the cover 
of the spectrometer. 

Many substances have been measured from 14 to 40 ft, and as a class 
the substituted benzenes show the most intense absorption bands in this 
region. 

^ Randall, Dennison, Ginsburg and Weber, Physic. Rev., 1937, 

roo 
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Experimental Results 

Samples of chlorobenzene, bromobenzene and fluorobenzene were obtained 
from Dr. D. R. Stull of Dow Chemical Company and were purified in their 
laboratories. The iodobenzene was obtained from Eastman Kodak Company 
and was redistilled at this Bureau. All remaining compounds were obtained 
from Dr. F. D. Rossini of the Chemistry Division of this Bureau, where they 
were purified under his direction in connection with the American Petroleum 
Institute Project No. 6. 

Since most of these materials have been previously studied in the region 
from 2 to 15 /It using a sodium chloride prism, and some * have been measured 
to 22 n, this paper is concerned only with frequencies less than 650 cm.“^. 


«AVC KUUBCItS IN OIT* 



Fig. I. —The infra-red absorption spectra of benzene, fluorobenzene, chloro¬ 
benzene, bromobenzene, and iodobenzene from 14 to 38 /i. The observations 
for the insert curv'e marked ** film " in bromobenzene were made on a thin layer 
of the liquid between two potassium bromide windows. 

In Fig. I are show-n the spectra of benzene, fluorobenzene, chlorobenzene, 
bromobenzene, and iodobenzene from 14 to 38 f*. A cell of i*6 mm. in thickness 
is necessary' to observe the weak benzene band at 403 cm.-^. This band is also 
observed in the Raman spectrum for liquid benzene. The halogen substituted 
benzenes all contain a very intense band in the region betv^een 450 and 525 cm. 
which is not present in the spectrum of benzene. Also the band at about 
608 cm."^ is considerably stronger in the substituted benzenes. At lower 
frequencies there are other ban& which axe characteristic of the particular 
compound. The dotted portions of the curves represent regions where only 
general absorption and no bands of appreciable strength were observed even 
when fairly thick cells were used. 

The spectra of toluene, ethylbenzene, i: 2-dimethylbenzene, i; 3-dimethyl- 
benzene, and 1: 4-dimethylbenzene from 14 to 40 ft are shown in Fig. 2. The 
band that occurs at 465 cm.-^ in toluene is of high intensity. The other 

* Catalog of infra-red absorpHoft spectrograms (American Petroleum Institute 
Research ^oject 6 at the National Bureau of Standards). 
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compounds have one or two intense bands and other bands of lower intensity. 
In order to observe the bands in the region from 24 to 40 ft in these compounds, 
cell thicknesses of the order of 0*4 to 1*6 mm. were necessary. The i : 2- 
dimethylbenzene band at 38 ft, however, is sufficiently intense that it shows 
considerable absorption when a 0*2 mm. cell was used. 


WAVE MOMSEIIS IN CM*' 



benzene. 



In Fi^. 3 are shown the infra-red spectra of 1:2; 3-trimethylbenzene, 
1:2; 4-tnmethylbenzene, and 1:3: s-trimethylbenzene from 14 to 38 ft. The 
1:2:3- and 1:2: 4-isomers are characterized by several bands in this region, 
the latter by the two strong bands at 18*7 and 22-9 ft. A strong band was 
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observed at 38 /a for 1:2: 3-trimetliylbenzene as it was for i : 2-diinetliyl- 
benzene. There is noted a marked similarity between the spectra for 1:3:5- 
trimeth^dbenzeno and i : 4-dimethylbenzene. The spectra of these two com¬ 
pounds include only a few bands most of which are not very intense in this 
region. 

A group of substituted benzenes which includes toluene, chlorobenzene, 
bromobenzene, and iodobenzene has been investigated by Barchewitz and 
Parodi ® and has been compared by them with the Raman spectral data obtained 
by Kohlrausch. Most of the intense bands found in this investigation for these 
four compounds w'ere also observed b}’ Barchewitz and Parodi. These authors, 
however, listed additional bands in each compound that were not observed in 
this study although the cell thicknesses used here were even greater than the 
ones used in their investigation. These extra bands may have been produced 
by impurities. For example, the bands listed at about 360 cm.-^ for chloro¬ 
benzene, bromobenzene, and iodobenzene were not observed in the present 
study. 


Discussion 

A number of workers have considered the normal vibrations 

of benzene. In the work of Pitzer and Scott ® the problem has been re¬ 
considered leading to a characterization of the modes of vibration and an 
assignment of frequencies. Fig. 4 illustrates the motion of those modes 



in the region from 150 to 650 cm.-^ for the substituted benzenes; -p and — 
refer to motions above and below the plane of the ring. 

that are of particular importance in discussing the frequencies of benzene 
and its derivatives that are considered in the present paper. For example, 
6 a and 6 h represent a doubly degenerate motion of the carbon skeleton 
which gives rise to the band at 610 cm.”^ in benzene. The position of 
this weak band was not precisely determined. When one or more sub¬ 
stitutions are made for the hydrogens in benzene, thereby reducing the 
molecular symmetry, the motions will be somewhat altered, and the fre¬ 
quencies will be shifted and split, but may still be characterized by the 
same numbering system. Since the vibrations 6 a and 6 b at 6iocm.-i 
involve principally carbon motions the shifts will not be great. The 
same may be said for the other low-frequency skeletal vibrations, i6fl and 
16&, which occur in benzene at 403 cm.~i The other bands which could be 

® Barchewitz and Parodi, /. Physique Rad,, 1939, lo, 143. 

^ Wilson, Physic. Rev., 1934, 45» 7^^- 

® Langseth and Lord, Danske Vidensk Selskah. Math.-Fys. Medd., 1938, l6, i. 

•Angus, Bailey, Hale, Ingold, Leckie, Raisin, Thompson, and Wilson, 
J. Chem. Soc., 1936, 912. 

® Bailey, Hale, Ingold and Thompson, ibid., 1936, 931. 

• Herzberg, Infra-red and Raman Spectra of Polyatofnic Molecules (D. van 
Nostrand Co., Inc., New York, N.Y., 3, 1947), P- 347* 

® Pitzer and Scott, J. Amer. Chem. Soc., 1943, 65, 803. 
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expected in the long wavelength region are out-of-plane bending vibrations 
of the substituents altering the benzene ring, as illustrated by lo^i, io& and 
II, and in-plane bending vibrations, as illustrated by i8b. 

The molecular symmetry requires certain selection rules, which limit 
the number of active bands in the infra-red spectrum, and which reduce 
or eliminate the coincidences between the infra-red and the Raman fre¬ 
quencies. When thick cells are used, these " forbidden' ’ bands may appear, 
and in addition difierence bands and a few combination and overtone 
bands may be observed. For example, the 403 cm."^ band in benzene 
{x 6 a and 16&) is of low intensity, a i-6 mm. layer of benzene transmitting 
about 20 % of the radiation. From the selection rules this band should 
not be active in the infra-red spectrum, and its presence indicates that the 
symmetry of the molecule has been altered by the liquid state. Another 
forbidden band, was observed with low intensity at 610 cm.-i which is 
in good agreement with the value found in the Raman spectrum. Since 
the observations were made on the material in the liquid state, this Raman 
band is also found in the infra-red. In the mono-substituted benzenes, 
all 4 frequencies, 6a, 6b, 16a and 166 become infra-red active. When 
the spectra of the mono-substituted halogens are observed, an intense 
band appears in each spectrum with a wave number between 400 and 
525 cm.“i depending on the halogen involved. As the position of this 
band is only slightly afiected by the particular halogen, it must not involve 
primarily the motion of the halogen. The bands with wave numbers 
between 400 and 525 cm.*”^ and at about 620 cm.”^ are classified as 6 a 
and 6 b vibrations respectively. The spectrum of fluorobenzene has two 
additional bands at 405 and 499 cm.”^. These bands are classified as 
the in-plane 186 and the out-of-plane i 6 b vibrations. In chlorobenzene 
the two corresponding bands occur at 297 and 415 cm.-^, and the bromo- 
benzene spectrum shows one of the bending vibrations with a wave number 
of 314 cm.“^ which is assigned to the classification of 166. In bromo- 
benzene no intense bands were observed between 330 and 425 cm.“i. 
When cells of i mm. in thickness were used, some general absorption was 
observed in this region. 

The spectrum of toluene has been classified by Ktzer and Scott.® 
They assign the intense band at 465 cm.-^ to type 16b and the band at 
347 cm.”^ to the bending vibration 186. The small band at 521 cm.-i is 
attributed to 6a. This is in good agreement with the regular shift in 
frequency of this band with mass of the substituent in the haJo-benzenes, 
if the CH* group may be considered as a unit of mass slightly less than 
fluorine. It is also confirmed by the strong appearance of this frequency 
difference in the ultra-violet spectrum as would be expected for a vibra¬ 
tion of symmetry, Ai, The different relative intensity of 6a in fluoro¬ 
benzene and toluene is undoubtedly associated with the differing polarities 
of ^ectron structures of the substituents. 

The ethylbenzene spectrum consists of two strong bands at 486 and 
556 cmr\ and Taylor and Pitzer have made assignments of the general 
type as given in Table I. However, their assignments include a band at 
452 cm.~^ which is assigned to 166 and shows up as a very weak band on 
the side of the intense band at 486 cm.“i when observed in the infra-red 
spectrum. In addition to the bands listed by Taylor and Pitzer the infra¬ 
red spectrum contains the band of high intensity at 556 cm.-^ which is 
not classified by them. There are no other bands of appreciable intensity 
except the two mentioned in the spectrum although a weak band is found 
in the region of 365 which is classified as the C—C bending vibration 

in the ethyl group and there is a region of general absorption at 295 cm.-^ 
which has be^ assigned to the vibration 186. There is more uncertainty 
as to the classification of the spectrum of ethylbenzene than of the mono- 
substituted halogenated benzenes. 

^®Ginsburg, Robertson and Matsen, /. Chem. Physics, 1946, 14, 511, 
Taylor and Pitzer, /. Ees. Nat. Bur, Stand,, 1947, 38, i. 
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Assignments have been made by Pitzer and Scott for the three di- 
methylbenzene isomers considered here. Most of the observed bands 
coincide in frequency with Raman bands, and hence may also be assigned 

TABLE I. —Classification of the Bands of Mono- and Di-substituted 

Benzenes 


Type 

(cm.-i) 

1 

Tvpe 

{cm •"’■) 

Int. 



Fluorobenzene 



Sx ( 66 ) 

615 

m 

Bx (1R6) 1 

405 

s 

(60) 

519 

w 

Bx (11) 1 

240* 

m 

Bx (166) 

499 

s 

- 1 

— 

— 



Chlorobenzene 



Bx ( 06 ) 

616 

w 1 

Si (18&) 

297 

w 

I6a) 

467 

5 

Bj (ii) 

200 * 

— 

B2 (166) 

415 

5 1 

— 

— 

— 



Bromobenzenb 



m 

f 615 

' w 

Si (186) 

^eo*- 1 

— 

458 

vs 

B, (II) 

180* 

— 

Bs (16b) 

' 314 

m 



— 



lODOBENZENE 



Bx (66) 

613 

W 

Si (186) 

220 * 

— 

{ 6 a) 

448 

S 

Bx (11) 

I Co* 

— 

B2 {i6b) 

270* 

— 

— 

— 

; — 



Toluene 



Bx (66) 

623 

w 

Si (i8b) 

347 

m 

i\[% 

521 

465 

S 

Bx (11) 

214* 

— 



Ethylbenzene 



A" (66) 

622 

vw 

A" (i 6 a) 

404 

iw 

A' (6a) 

486 

s 

A" (186) 

295 

vw 

A' (166) 

455 

tv 

A' II) 

154 (■ 

— 



1 : z-Dimethylbenzene 



Bx (ri) 

619 

vw 

A2 (i6ci) 

436 

5 

A, (6a) 

581 

w 

Si (r8a) 

328 

VW 

Bx (66) 

505 

w 

A a (job) 

260 

m 



I : 3 -DlMETHyLBENZENE 



Ai (6a) 

535 

VW 

A2 (J6a) 

404 

w 

Bx(66) 

515 

w 

A 2 (loa) 

278 

w 

B, (l 65 ) 

432 

s 

Bx (II) 

2O0t 

— 



I : 4-D1METHYLBENZENE 



B„ (66) 

645 

w 

Bx. (106) 

292 

w 

A„ (6a) 

483 

vs 

Bs« (11) 

170* 

~ 


♦ Raman value. f Value of Pitzer and Scott.® 


to the vibrations numbered according to Pitzer and Scott. This has been 
done in Table I. It will be noted, however, that the intensity relations 
are in many cases not satisfactory, since the strongest band in the infra-red 
spectrum, for each of the three molecules, is assigned to an inactive mode. 

D* 
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In view of the new infra-red data now available in the long wavelength 
region, it may be worthwhile to consider a re\d&ion of the assignments of 
the bands as given by Pitzer and Scott. There are several ways in which 
the stronger bands ma}’’ be assigned to allow vibrations m the expected 
frequency range, but it seems unprofitable to attempt this ^vithout more 
detailed calculations. 

Of the three trimethylbenzene isomers measured only 1:3: 5-tri- 
methylbenzene has been classified b3^ Pitzer and Scott. Although the 
bands at 275 and 576 cm.“i are not supposed to be active in the infra-red 
they agree well with Raman values assigned to vibrations of type 10 and 
12 respectively. The band at 515 cm.-^ has the same value as that 
assigned to the vibration of tjqie 6 by Pitzer and Scott. A weak band 
was also observed at 649 cm."^ which may be a difference band. The 
spectra of the 1:2:3- 1:2: 4-trnnethylben2enes show more relatively 

intense bands in this region than were observed in i : 3 : 5-trimethyl- 
benzene. Since the 1:3: 5-isomer is the most symmetrical of the tri- 
methylbenzenes, it is expected to have fewer active bands. The three 
bands that have been assigned, however, do show up in most cases in the 


TABLE II. —Observed Bands in Trimethylbenzenes 


V (cia.-i) 

Int. 

p ifimri) 

Int. 


1:2: 3-Trimethylbenzene 


657 

w 

487 

W 

538 

m 

458 

w 

513 

vw 

272 

s 


1:2: 4-Trimethylbbnzene 


568 

vw 

439 

s 

554 

w 

322 

w 

539 

s 

284 

w 

470 

w 

— 

— 


1:3: 5 -TRIMETHyLBENZENE 


649 

VW 

515 

m 

634 

VVW 

875 

w 

576 

VW 


\ 


other two isomers with slight shifts in their positions. The small \vave 
number band at about 275 cm.~i of type 10 is reasonably intense in all 
three trimethylbenzenes. A list of the observed bands is given in Table II. 

On account of the many bands with small wave numbers which are 
present in the spectra of the benzene derivatives measured here, it would 
be exj^ted that difference and combination bands would have sufficient 
intensity to be observed in the region studied. Some difference bands 
have b^n observed in the spectra of these benzene derivatives. It was 
often necessary to use cells of the order of i*o mm. in thickness to observe 
these bands since they are relatively weak. In toluene a band was found 
at 539 cm.“i and is assigned as the difference between the bands at 890 
and 347 cm.-^. The 385 cm,“^ band of chlorobenzene is attributed to the 
difference between the bands at 682 and 297 cm.“^. The difference be¬ 
tween the bands at 735 and 180 cm."*^ of bromobenzene accounts for the 
weak band at 545 cm.-^ and the low intensity band at 493 cm.~^ corre¬ 
sponds fairly well with the difference between the bands at 667 and 180 cm.~^. 
In the spectrum of i: z-dimethylbenzene the 406 cm.”*^ band checks closely 
with the difference between the bands at 733 and 328 cm.~^ 

Certain weak bands observed from 15 to 38 ft in the spectra of dimethyl- 
benzenes correspond well in wave number witili those predicted values of 
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combinations of the assigned fundamentals. In the spectrum of i : 2- 
dimethylbenzene the combination of the two fundamentals 186 (180 cm.“^) 
and 166 (148 cm.*"^), which are Raman values listed by Pitzer and Scott, 
may give rise to a very weak band that ^vas observed at 32S cm.-^. The 
first overtone of the 186 vibration should occur near 360 cm.~i where a 
very weak band was observed. A combination of the fundamentals, 
10b (260 cm.-i) and 166 (148 cm.“i) checks closely with a weak band at 
4o6cm.“i. The first overtone of the vibration of type ii (200 cm.in 
the spectrum of i : 3-dimethylbenzene should occur near 400 cm.^S but is 
probably overlapped by the band of low intensity assigned to the type 
16a vibration at 404 cm.-^. In the spectrum of i : 4-dimethylbenzene the 
combination of the fundamental vibrations 10& (292 cm.-^) and ii 
(170 cm.”^) should give rise to a band at 462 cm.“^ which was not observed 
in the infra-red spectrum because of the presence of the strong baud as¬ 
signed to the type 6a vibration at this same wave number. There should 
be many other difference and combination bands in the spectra of the 
various benzene derivatives. However, when cell thicknesses of 2 or 3 mm. 
are employed, usually a general absorption is observed and it is dijB&cult 
to locate definitely bands of low intensity. 

When the spectra of the mono-halogen substituted benzenes, toluene, 
and the dimethylbenzene isomers obtained here were compared with the 
Raman spectra given in Ramanspektren by Kohlrausch,i* it was seen that 
many of the bands observed in the infra-red had corresponding Raman 
values. With the exception of the strong bands at 465 cm.“i in toluene 
and 432 cm.~i in i : 3-dimethylbenzene all bands of high intensity in the 
infra-red spectra were also observed in the Raman spectra. There were, 
however, a number of weak bands observed in the infra-red that did not 
appear in the Raman, and also there were considerably more bands listed 
in the Raman than in the infra-red spectra. As would be expected, a 
comparison of the intensities of the Raman and infra-red bands showed 
rather widespread variation. The Raman spectrum of i : 3 : 5-trimethyl- 
benzene as given by Kohlrausch does not contain any bands between 600 
and 800 cm.*”^. In the infra-red spectrum two bands of low intensity are 
observed at 634 and 649 cm.-^. 

To complete the work on the classification of the benzene derivatives, 
it would be desirable to have the vapour spectrum of each of the compounds 
to check the classifications of the bands observed in the liquid state. In 
this study measurements have been made on the vapours of chlorobenzene, 
toluene, i : 2-dimethylbenzene, and ethylbenzene in the region beyond 
15 j[*. Because of the relatively low vapour pressures and the cell lengths 
used, only the more intense bands could be observed. There were in¬ 
dications of several bands in each of the compounds, but most of them were 
too weak to determine the band shapes with sufidcient clearness for use in 
the analysis of the band spectra. In chlorobenzene the band with the 
wave number 297 cm.-^ was observ^ed in the vapour state and also several 
of the small wave number bands of the other materials could be detected 
but not accurately measured. These observations w’-ere made to ascertain 
whether or not these bands were present in the spectrum of the vapour. 
A band with P, Q and R branches was observed in the toluene vapour 
spectrum that was also present in the liquid spectrum at 465 cm.-^. The 
most intense band of idle ethylbenzene vapour containing P, Q and R 
branches was observed at 556cm."-i. This band is also intense in the 
liquid state, but appears of low intensity at 553 cm.-^ in the Raman 
spectrum. 

Except for certain bands of the ethylbenzene spectrum the assignments 
of all the observed bands of the mono-substituted benzenes are in good 
agreement with the calculated values. Before a comparison of the spectra 

Kohlrausch, Ramanspektren (Akademische Verlagsgesellschaft Becker and 
Erler Kam. Ges., Leipzig, i, 1943). 
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of tlie trimethylbenzenes can be made, further theoretical classifications 
should be made. Improvement in the experimental results can be made 
by observing these spectra of the vapours in long cells so that the band 
shapes can be determined. 

The author is indebted to Dr. R. L. Hudson of the University of 
Oklahoma for a list of his assignments of the fluorobenzene spectrum, and 
to Dr. R. L. Arnett of this Bureau for his suggestions pertaining to the 
assignments of the dimethylbenzenes. 

Radiometry Section, 

National Bureau of Standards, 

Washington, D.C. 

DETERMINATION OF MOLECULAR STRUCTURE 
WITH MICROWAVE SPECTROSCOPY 


By E. Bright Wilson, Jr. 

Received ijth July 1950 

The characteristics and limitations of microwave spectroscopy as a tool for 
the determination of the structure of simple molecules in the vapour state are 
discussed. The ^eat advantages are the tremendous frequency resolving power 
and great precision. The applications of the method to the measurement of 
moments of inertia, interatomic distances, dipole moments, barriers hindering 
internal torsion, magnetic moments, and valence information from hyperfine 
structure are outlined. 


The region of the electromagnetic spectrum in which the wavelength 
ranges from a few millimetres to a few centimeters has become of con¬ 
siderable importance, particularly for the study of rotational energy 
levels in simple molecules in the gas phase. This new field of microwave 
spectroscopy has now had time to demonstrate that it is as powerful and 
useful as its early enthusiasts claimed. In four years this method has 
become one of the principal tools for the study of molecular structure, 
nuclear spins and dipole moments. It also provides information about 
nuclear quadrupole moments, molecular and nuclear magnetic moments, 
valence, centrifugal distorsion, barriers hindering internal torsion, and the 
exchange of rotational energy on collision. It is the purpose of this report 
to summarize the present status of microwave spectroscopy as a research 
tool for the study of molecular structure, including some discussion of its 
limitations. Only the application to gases at low pressures will be con¬ 
sidered. Earlier work has been reviewed by Gordy.^ 

General Characteristics.—^The key to the uniqueness of this technique 
is its enormous frequency resolving power. Spectral lines as close as 
140 k./sec. (4 X lO”* cm.~i) have been clearly separated,** ® which is to 
be compared with perhaps o*i cm,-^ for the best infra-red spectrographs. 
Actually, the limitation on resolving power is not set, as yet, by the ap¬ 
paratus but by the line widths. At the present time there is no very 
practical prospect for decreasing line widths further by more than a factor 
of perhaps three because of the limit set by Doppler broadening. The 
great resolution makes possible the observation of a whole new class of 

^ Gordy, Rev, Mod, Physics, 1948, 20, 668. 

•Townes, Holder and Merritt, Physic Rev., 1948, 74, 1113. 

• Geschwind, Minden and Townes, ibid,, 1950, 78, 174. 
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effects, such as the Stark effect, Zeeman effect, iT-splitting due to centri¬ 
fugal distortion, isotope effect, change of moment of inertia with "vabra- 
tional state, and nuclear quadrupole hyperfine splitting. 

Related to the high resolving power is the considerable accuracy and 
ease with which frequencies can be measured. Incidentally, this is one 
branch of spectroscopy in which time and not distance is the fundamental 
unit of measurement. Frequencies can be measured to a few hundredths 
of a megacycle without great trouble. At 25,000 megacycles (which is 
the centre of the most popular region) this is an accuracy of nearly one 
part in a million. Naturally the spacing of fine structure lines cannot be 
determined with as great percentage accuracy as that. Furthermore, it 
is not easy to get spectral lines sufficiently narrow to take full advantage 
of this precision. Also it must be remembered that Planck's constant is 
involved in applications of the data, and is not known to any such accuracy. 

Microwave spectroscopy has limitations, some of which may ultimately 
be overcome. Its use is essentially confined to molecules having a per¬ 
manent dipole moment. (An exception is Oj.) This is a severe restriction 
and rules out many interesting molecules. Electron diffraction does not 
suffer from this disability. Furthermore, the molecules must possess 
sufficient vapour pressure (about o-oi mm. Hg) at reasonable temperatures. 
The molecule must not have too small a moment of inertia (e.g. HCl) 
or its pure rotation spectra will be at too high a frequency. It must not 
be too large or it will have too weak a spectrum. Finally, the anal5rsis 
can prove to be very troublesome, if not impossible, in unfavourable cases. 

Molecular Structure.—From the chemist's viewpoint, the main use¬ 
fulness of microwave spectroscopy is as a tool for the determination of the 
structure of small, polar molecules in the vapour phase. Within this 
limited range, it is uiunatched by any other technique in precision, power 
and certainty. The method employed is the same as in the infra-red, 
i.e. from the spectral frequencies which are observed, moments of inertia 
are calculated. From the moments of inertia of several isotopic species, 
interatomic distances and angles are deduced. This process is dependent 
upon several critical steps. Firstly, it is necessary to make a correct 
assignment of quantum numbers to the observed lines. Secondly, it is 
required that quantum-mechanical formulas be available which represent 
the energy levels sufficiently accurately, provided that suitable molecular 
dimensions are inserted. Thirdly, the assumption that the interatomic 
distances are the same for the several isotopic species must be valid. 

How well are these conditions met in practice ? The assignment of 
the correct quantum numbers is simple enough for uncomplicated linear 
molecules and is usually easy for symmetrical-rotor types, such as CH3F. 
The reason for this fortunate state is that the spectral lines for these types 
exhibit a simple pattern so that an approximate knowledge of the structure 
and dimensions enables a preliminary calculation of expected frequencies 
to be made which normally suffices to identify unambiguously any observed 
lines. With asymmetric rotors (three unequal moments of inertia) such 
as water or ethylene oxide, the situation can be quite different. The 
frequencies do not fall into any simple pattern and can be very sensitive 
to the trial values of the molecular parameters. When such molecules 
are nearly symmetric (by accident), as with \dnyl chloride, analysis is not 
difficult. 

The Stark effect provides the most powerful tool for identifying 
transitions in these difficult cases, but is not always applicable. The 
number, spacing, and relative intensities of the components into which 
a hne is split by an electric field normally give sufficient information. 
However, not aU lines can be resolved into separate components with 
existing equipment, so that an element of chance enters here. If a spectral 
line with sufficiently low quantum numbers falls within an observable 
frequency region, its Stark effect can usually be resolved and its quantum 
numbers determined. Recently a difficult case, CHaCFCl, has been 



110 MICROWAVE SPECTROSCOPY 

analyzed * by using the h;^’perfine structure patterns as indicators of the 
quantum numbers. 

Other potential sources of information exist but they have mostly not 
yet been fully developed and applied. It is almost a necessity that they 
should be if the full value of the method for structural woik is to be realized. 

The next limitation is the extent to which adequate quantum-mechnical 
formulas have been derived. Again, for linear and S3niimetrical-top mole¬ 
cules, the situation is quite good. The first approximation, the rigid 
rotor model, is usually adequate and correction terms for centrifugal 
distortion are available if needed. Various complications such as nuclear 
quadrupole coupling, Stark effect, Zeeman effect, iiT-splitting, etc. can 
usually be handled. For asymmetric rotors the situation is fairly good, 
but not ideal. Even for the rigid model, the calculations can be quite 
troublesome, and the corrections for non-rigidity are dijB&cult indeed. 
The Stark effect and some cases of quadrupole coupling can be treated 
but not with ease. 

As chemists realize, most molecules are not even approximately rigid, 
but usually contain one or more links about which torsional motions can 
occur. Sometimes these molecules can be approximately handled by 
considering them as equivalent to mixtures of separate species, one for 
each of the several equilibrium orientations. If the only torsion^ motion 
is that of a methyl group, more rigorous treatments are possible. In 
general, not many molecules with these complications have been studied 
as yet with microwaves, but as the subject advances, more of them will 
be encountered and there will be need for more advanced theoretical 
considerations. 

Finally, the question of the invariance of interatomic distances under 
isotopic substitution requires attention. Fortunately, this assumption 
can be tested by intern^ methods. In many cases, OCS for example, 
there are available more isotopic species than are needed to establish the 
molecular structure. Consequently, several checks are available. In 
general, it would appear that distances determined in this way are con¬ 
sistent to within o*oi A and usually better. This is not necessarily true 
when the isotopic atom is near the centre of mass of the molecule, but such 
cases are obviously unfavourable and should be avoided. 

The reason why perfect consistency is not achieved is presumably 
the non-rigidity of real molecules. Because molecules are vibrating even 
in their lowest quantum states, only a special kind of weighted average 
interatomic distance enters the equations. In principle the more accurate 
model, consisting of point masses (the atoms), connected by forces, has 
been treated by quantum mechanics, but insufficient information is avail¬ 
able about these forces. 

Attempts have been made to correct for the vibration of the atoms but 
they have so far not been completely successful. One method requires 
measurements for molecules in each of the one-quantum states of vibra¬ 
tional excitation, so that linear extrapolations to the hypothetical equili¬ 
brium state can be made. This has been done for a few diatomic molecules 
such as BrF* and FC 1 « but cannot usually be accomplished for polyatomic 
molecules with presently available sensitivities. 

The high resohdng power and senstitivity makes it possible to study 
many isotopic species in the natural mixture, without artificial enrichment. 
Thus molecules containing one C^®, S®*, N^®, or O^® are often observable 
as well as the easier cases involving B, Cl, Br, etc. 

Table I lists a few of the molecules for which partial or complete 
struc^ral information has been published during the present year. An 
especially interesting example is provided by bromdiborane, shown in 

* Bragg, Madison and Sharbaugh, Physic Rav., 1950, 77, 148. 

® Smith, Tidwell and Williams, ibid., 1950, 77, 421. 

® Gilbert and Roberts, ibid., 1950, 77, 742. 
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Fig. I. Here there was some question at first as to whether the Br atom 
was located in the “ bridge " between the borons or at the end, as shown. 
This was easily answered by the boron isotope efiect. In the first structure 
the two borons would be symmetrically located so that there should be 
three species : —B^o, B^®—B^i and B^^—since the B^*—B^® 


TABLE I.—Some Molecules for which Structural Information has 
RECENTLY BEEN PUBLISHED 


CO’ HCCCN® 

FC1« S1H3F10. “ 

BrFs SiFaCPi 

HCN® CHCI3I3 


SiFjBrii 

CFgBrW. 

CFaP® 

CF3CNI8 


PCV® 

SiFgCHs*! 

BHsCO« 

BaHpBri’ 


would be the same as B^®—B^^. In the structure found, however, the two 
borons are not equivalent so that four species should occur. Actually 
there are eight found, because of the two bromine isotopes. This molecule 
is also of interest because it provides confirmation of the hydrogen bridge 
and some dimensions for it. The spectral analj^sis shows clearly that the 
molecule is not planar, the bridge hydrogens being above and below the 



Fig. I. —^The structure of bromdiborane as determined by microwave spectro¬ 
scopy. One bridge hydrogen is above the plane of the rest of the molecule, 
the other is below this plane. The H—H distance is 2*0 ± 0*2 A. 


plane of the other atoms. This demonstrates one advantage of the micro- 
wave technique as compared with electron difiraction : it can locate hydro¬ 
gen atoms. 

Determination of Dipole Moments.—^The extent of the splitting of 
spectral lines in the presence of an electric field is determined in part by 
the magnitude of the electric dipole moment of the molecule. If the 
quantum numbers for the transition and the magnitude of the electric 
field are known, measurements of the Stark pattern can be used to deter¬ 
mine the dipole moment. When the conditions are not too unfavourable, 
accuracies of about i % or better can be achieved. 

One advantage of this method is that it gives a vapour-phase value, 
uncomplicated by solvent interaction or serious deviations from the ideal 
gas law (because of the low pressure used). Of course, it is not applicable 
if the vapour pressure available is less than perhaps a hundredth of a 
millimeter. Because of the low pressures and volumes used, very little 
material is required of the order of micrograms. 

Since the isotopic species often show in the spectra without artificial 

’ Gilliam, Johnson and Gordy, Physic Rev,, 1950* 7®* 140. 

® Simmons, Anderson and Gordy, ibid,, 1950 * 77, 77- 

® Westenberg and Wilson, /. Amer, Oiem, Soc,, 1950, 72, 199. 

1® Sharbaugh, Thomas and Pritchard, Physic, Rev., 1950, 78^ 64. 

Sheridan and Gordy, ibid,, 1950, 719, 

Unterberger, Trambarulo and Smith, /. Chem. Physics, 1950, 18, 565. 

Sheridan and Gordy, Physic. Rev., 1950* 77, 292. 

Sharbaugji, Pritchard and Madison, ibid., 1950, 77, 302. 

^ ICislink and Townes, ibid., 1950, 78, 347. 

“ Gordy, Ring and Burg, ibid., 1950, 78, 512. 

Cornwell, J. Chem. Physics, 1950, 18, 1118. 

18 Cunningham, Boyd, Gwinn and iLeVein, /. Chem. Physics, 1949 > I7» 211. 
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enrichment, the effect of isotopic substitution can easily be studied. In 
one case,i» at least, (OCS) no measurable differences were found. However, 
differences (about i %) were found between the dipole moment for the 
ground \dbrational state and the first excited state for the bending mode 
of OCS. Because of the effect of the ^dbration on the effective moments of 
inertia, molecules in different vibrational states undergoing the same 
rotational transition will exhibit slightly different frequencies. Therefore 
the Stark effect and thus the dipole moment can be determined separately 
for these \'ibrational states. Table II shows some dipole moments de¬ 
termined by the micro^vave method. 

TABLE II.— Some Dipole Moment Values from Microwave Spectroscopy 

IN D 


OCS . 

. 0-709^® 

NaO . 

. 0-166®® 

AsFs . 

. 2-82®« 

CICN . 

. 2-8o*® 

CH3I . 

. 1-65®® 

HCCCl 

. 0 - 44 ^^ 

CHgCl . 

. 1*87®® 

HCCCN 

. 3 - 6 ® 

CHaBr . 

. i*8o®® 

BrF . 

. 1-29* 

CHgCFa 

. 2*32®® 

SiHaF . 

. 1-27®® 

PF3 . 

. 1-03®® 

POF, . 

• 1 - 74 “ 

— 

— 

BH,CO 

. i-8o*» 


Internal Torsional Motions.—^Recent work®* has focused attention 
on the inadequacy of the thermodynamic methods for determining the 
potential barriers which hinder free internal rotation about single bonds. 
Microwave spectroscopy provides two methods for attacking this problem 
in special cases. The first method sometimes applies when the torsional 
motions are spectroscopically active, as with methyl alcohol. Transitions 
between different states of torsional motion are of too high frequency to 
appear directly in the micro^vave region, but in CH3OH, at least, transitions 
between components of torsional levels have been observed, with and 
without overall rotational changes as well. These components arise from 
the quantum-mechanical tunnelling phenomena associated with the 
existence of several (here three) equivalent equilibrium positions. Al¬ 
though the calculations are difficult, the interpretation appears to be sure 
and results in the estimation of a barrier height of 932 cal. on the basis of 
a sinusoidal potential energy function.®* 

The second method is more general, involves simpler calculations, but 
at present is less precise experimentally. It is based on the fact that 
molecules in excited vibrational, or torsional, states have effective moments 
of inertia slightly different from those in the ground state so that a rota¬ 
tional transition due to such excited molecules appears as a weaker, dis¬ 
placed satellite to the main line from molecules which are not vibrating. 
The ratio of the satellite intensity to the main line intensity is a measure 
of the population ratio for the excited and ground states. From the 
Boltzmaim law, one then calculates the energy of the excited state relative 
to the ground state. This procedure needs correction if the excited state 
is split up into components, or has a different spin statistical weight, or 
displays a different dipole moment. By measuring the effect of a tem¬ 
perature change on the intensities, an alternative set of data can be ob¬ 
tained with certain advantages. So far only a few molecules have been 
treated in this way, notably CFaCHs** and CHgCHO,®’ which gave barriers 

“ Shulman and Townes, Physic. Rev., 1950, 78, 500. 

*0 Shulman, Dailey and Townes, ibid., 1950, 78, 145. 

« Westenberg, Goldstein and Wilson, J. Chem. Physics, 1949, 17, 1319. 

Senatore, Physic. Rev., 1950,78, 293. 

** Strandberg, Pearsall and Weiss, J. Chem. Physics, 1949, 17, 429. 

Blade and Kimball, ibid., 1950, 18, 630. 

Burkbard and Dennison, see Halford, ibid., 1930, 18, 361. 

Dailey, Mindon and Shulman, Physic, Rev.. 1949, 75, 1319, 

” Baird (to be published). 
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of about 1500 cal. and 2600 cal. respectively. More work needs to be 
done in improving the technique of intensity measurements, but there can 
be little doubt that valuable data will be obtained with this new method. 

The quantity directly obtained is not the height of the barrier but the 
energy of the first (and sometimes the second and third) excited torsional 
states above the ground state. Conversion of this information into a 
barrier height requires an assumption regarding the shape of the barrier. 
This same difficulty arises with the thermodynamic methods, which actually 
yield a weighted average of the positions of the torsional levels, with the 
low l>dng levels much the most heavily weighted. For the practical 
purpose of making thermodynamic predictions, the positions of the first 
few levels will often suffice, but for comparison with any eventual quantum- 
mechanical theory, a knowledge of barrier shape and height would be 
desirable. 

Magnetic Effects.—^Molecules maj’^ possess magnetic moments from 
several sources. Thus many nuclei have spin magnetic moments. A 
polar molecule which is rotating should have a small magnetic moment 
due to the rotation of its positive and negative charges. Finally, para¬ 
magnetic molecules will show very much larger moments due to unpaired 
electrons or orbital electronic effects. 

With fields of several thousand gauss, Zeeman effects in HaO,** 

HDO,3* NaO,*® CHsCl,®® CHal,®! and OCS*® have been resolved and in¬ 
terpreted. Nuclear magnetic moments (in one case for an artificially 
produced radio-active isotope have been the principle product of 
these studies, but molecular moments arising from rotation have been 
obtained for a few light molecules. For heavier (and therefore more 
slowly rotating) species, they are at present too small to observe. The 
nuclear moments will influence the spectra only when they are coupled 
to the molecular rotation, usually by electric quadrupole interaction. 

Odd molecules such as NO and NO* have Zeeman effects which can be 
resolved at very much lower magnetic fields. Thus the splitting in NOg 
can be observed with the aid of a few gauss from a one layer solenoid 
wound around the wave-guide absorption cell. The effect of even the 
earth's magnetic field can be detected. Similar large effects in paramag¬ 
netic Oa have been made the basis for a Zeeman-effect modulation spectro¬ 
graph ** analogous to the Stark-effect type of apparatus. Magnetic 
resonance spectra—^transitions between the Zeeman components—^have 
been studied with NO in strong fields. 

The analysis of the NOj spectrum was aided by the Zeeman pattern. 
The spectrum is complicated by the \"arious internal coupling energies, 
such as those between electron spin and nuclear spin magnetic moments, 
electron spin and molecular rotation magnetic moments, nuclear electiical 
quadrupole moment and molecular electron distribution, etc. The un¬ 
ravelling of these is in progress. 

Perhaps the main point of such studies is that free radicals with un¬ 
paired electrons should show similar phenomena. So far no spectra due 
to gaseous free radicals have been announced, but several groups are work¬ 
ing in this field and success should ultimately be achieved in spite of the 
formidable difficulties. 

Nuclear Quadrupole Effects and Chemical Valence.—One of the richest 
sources of interest and information is the hyperfine structure exhibited 
by man^" pure rotation lines due to the coupling of nuclear spin and molec¬ 
ular rotation. This arises from the interaction of the electrical quadrupole 
moment possessed by many nuclei and the gradient of the electric field 

Jen, Physic, Rev., 1948, 74, 1396. ibid., 1949.I 494 

Jen, ibid., 1950, 78, 339. 

Gordy and Gilliam, ibid., 1949, 76, 443. Jen, ibid,, 1949# 471« 

*® McAfee, ibid., 1950, 78, 340. 

®* Burkhalter, Anderson, Smith and Gordy, ibid., 1950, TJt 152. 

®® Beringer and Castle, ibid,, 1930, 78, 381. 
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due to the electrons and other nuclei in the molecule. First discovered 
in ammonia,** this effect has now been observed and analysed in a large 
number of molecules. 

In the first place, the number of components in the h5rperfine structure 
components, and their spacings and relative intensities, have provided one 
of the most important methods of determining the nuclear spin angular 
momenta of atomic nuclei. Several spins pre\’iously accepted have been 
found to be incorrect and new values determined with considerable cer¬ 
tainty, examples being Cl,*® Cl and 

The chemist is mainly interested in the application of this phenomenon 
to structure and valence. The importance for these fields arises from the 
argument *’ that the gradient of the electrical field at the quadrupolar 
nucleus arises mainly from the valence electrons associated with the given 
atom. The nucleus thus provides a sensitive measuring instrument, 
located in the heart of the molecule, for giving information about certain 
aspects of the electron distribution. 

The electrons in closed shells about the nucleus should not contribute 
much to the field gradient because closed shells are spherically symmetrical, 
except for small distortions caused by other atoms. Electrons on other 
atoms are too far away to affect the situation greatly because of the rapid 
diminution with distance. This leaves the valence electrons as the principal 
contributors. Even these should be unimportant if in s orbitals because 
of the spherical S3rmmetry of these, or if in i or higher orbitals because of 
their low penetrating power. Consequently, the hyperfine splitting is 
ascribed mainly to the amount of ^-orbital character of the valence 
electrons. 

This theory provides an explanation for the striking differences in 
quadrupole splitting between NaCl and CH gCl, for example. In the former, 
the structure is essentially ionic so the Cl nucleus is surrounded by closed 
spherical shells. In the latter, the bond is primarily covalent with some 
hybridization and the hyperfine spacing is very much greater than for 
NaCl. This idea has been applied to interpret the data for a number of 
molecules in terms of valency theories. 

An interesting further application *® of these ideas has been made to 
CHjCHCl and CHaCFCl. These are asymmetric rotors and their hyper¬ 
fine structure is correspondingly more complicated. The analysis has been 
carried out, however, and shows that the electron distribution around the 
C—Cl bond is not cylindrically symmetrical, but is distorted in a way 
which can be explamed by assuming 4 or 5% double-bond character due 
to conjugation with the carbon-carbon double bond, an idea originally 
put forward by Pauling to explain the shortening of the C—Cl bond in 
vinyl chloride. 
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Cambridge 38, 
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** Good, Physic Rev., 1946, 70, 213. 

*’ Townes and Dailey, /. Chem. Physics, 1949, 17, 782. 
*® Goldstein and Bragg, Physic. Rev., 1950, 78, 347. 
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Examination of available data, some previously unpubb'shed, shows many 
of the features expected in low temperature spectra. These include line widths 
which are frequently less than 10 cm.-^, a multiplicit}' of lines due to the coupling 
of molecular motions and apparently rigorous selection rules which may be 
determined from the symmetr}^ of a unit cell. The relative magnitudes of 
equilibrium and coupling terms in the crystal field are compared. The spectro¬ 
scopic data are found to be inconsistent with the X-ray structure of crystalline 
COp. A structure for crystalline HCN, not hitherto determined, is obtained 
which satisfies the infra-red data, possibly uniquely. Combination bands be- 
tTveen internal modes and lattice torsions have been observed as well as the 
torsional fundamentals (NHj, NDg). Large changes in intensity occur on 
crystallization but insufficient data are available to draw quantitative con¬ 
clusions. 

The useful characteristics of low temperature vibrational spectra, both 
infra-red and Raman, have resulted in their application to a number of 
problems in recent years, although the total number of molecules investi¬ 
gated is still small. The paucity of work has been due both to experi¬ 
mental problems and to the difficulties encountered in the theoretical 
interpretation of the spectra obtained. Considerable progress has been 
made recently in both respects. 

The chief advantages of low temperature spectra are obtained only in 
crystals, but the spectra of molecules in crystals are useful in a number of 
types of interrelated problems : (1) the study of the interaction forces 
between molecules at close distances of approa^ and the effect of the field 
of neighbouring molecules on the internal potential function, the electrical 
charge distribution, etc., of the molecule in question ; (2) the structure of 
crystals, particularly those containing hydrogen atoms which are not 
amenable to complete X-ray determinations ; (3) the study of the hydrogen 
bond under known conditions of geometry; (4) the study of the structure 
of molecular species, e.g. complex ions, which exist only in crystals ,* 
molecular complexes which are stable only at low temperatures in crystals 
also fall into this category ; (5) the study of molecules whose spectra in the 
gas phase are inadequate for a complete vibrational analysis and (6) the 
identification and analysis of complicated molecules. The latter two types 
of studies may be aided because of the characteristically sharp line spectra 
at low temperatures which make possible the observation of many more 
transitions, because of changes in symmetry from the gas phase coupled 
with strict selection rules for fundamental \’ibrations and because of the 
polarization properties of crystals. 

The number of simple molecules whose infra-red spectra have been 
reported in the crystalline state is small and includes NjO^,^ HCl,** * 
DC 1 ,» HBr/ COg,® CgHe,® HCN,’ BF,.* CH^,® NHg,!® H,S,“ 

1 Sutherland, Proc, Roy, Soc. A, 1933* 342. 

® Hettner, Z, Physik, 1934, 89, 234. 

® Lee, Sutherland and Wu, Proc, Roy, Soc, A, 1940, 176, 493. 

* Zunino, Z. Physik, 1936, 100, 335. ® Dahlke, ibid,, 1936* 360. 

• Avery and Elhs, J. Chem. Physics, 1942, 10,10. 

’ Hoffman and Homig, ibid., 1949, 17,1163. 

* Hoffman, DissertaHon (Brown University, 1949). 

• Holden, Taylor and Johnston, /. CheTfi. Physics, 1949. 17* ^^5^* 

Homig and Reding, Physic. Rev., 1950, 78, 348. 

Lohman and Homig, ibid., 1950, 79, 235. 
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CgHa and The latter two were studied only in the near infra-red 

region. More complex hydrocarbons have been investigated at low 
temperatures by several authors ®» and the effect of state of aggrega¬ 
tion on these spectra has recently received attention.The low tem¬ 
perature spectrum of benzene has been used to aid in determining the 
fundamental \ibrational frequencies of the molecule.The spectra 
of ammonium halides have been studied in some detail over a wide tempera¬ 
ture range in order to determine their structure and to ascertain the nature 
of the A-point transitions. A number of substances have been ex¬ 

amined by Walsh and Willis who conclude, m conflict with other in¬ 
vestigators,®* that there is little temperature effect on line widths. 
King, McMahon and Hainer have developed techniques suitable for work 
at liquid helium temperatures and have applied them to polymers 
and to cholesterol.®® No work with polarized radiation at low temper¬ 
atures has been reported but polaiization effects have seemingly appeared 
in several of the investigations.’* ^® Rank has applied the low temper¬ 
ature infra-red spectra of crj^-stals to the problem of rotational isomerism 
in hydrocarbons.^® 

However, at the present time there appears to have been no quantitative 
interpretation of the effect of the crystalline field and of temperature on 
the spectra, their frequencies, line widths and intensities and it may be 
necessary to acquire considerably more empirical data on simple systems 
before significant progress is made. 

First Order Theory.—^The theory of the vibrational spectra * of crystals 
takes a very simple form if (a) the crystal is harmonic (i.e. only squared 
terms appear in the potential energy function) and (6) only linear terms 
need be included when the dipole moment or the polarizability are expanded 
as functions of the normal co-ordinates. Under these circumstances it 
has been shown that the observed spectrum should consist of extremely 
sharp lines and should arise only from those fundamental vibrations in 
which equivalent atoms in every unit cell move in phase.®’ 

If the crystal has symmetry elements other than the lattice transla¬ 
tions, some of these vibrations may be inactive in either the Raman or 
infra-red spectrum ; the selection rules may be determined from a know¬ 
ledge of the symmetry elements contained in a single unit cell, i.e. from the 
unit cell group which consists of the group of symmetry elements of the 
unit cell when lattice translation is considered an identity operation.®®* ®® 
Since this group is simply isomorphous with the crystallographic point 
group, the same selection rules are obtained if the crystallographic point 
group is used. This type of classification has been widely applied to the 

“ Rodnikova, J. Physics (W.S.S.P.), 1946, 10, 236. 

“ Avery and Morrison, J. Appl. Physics, 1947, 9 ^®* 

Rielmds and Thompson, Proc. Roy. Soc. A, 1948, 195, i. 

“ Axford and Rank, /. Chem. Physics, 1949, 17, 430 ; ibid,, 1950, 18, 51. 

®® Halford and Carpenter, /. Chem, Physics, 1947, 99 * 

Leberknight, Physic, Rev., 1933, 43 » 9 ^> 7 - 

Halford and Schaeffer, J, Chem, Physics, 1946, 14, 141. 

Mair and Homig, ibid,, 1949, 17, 1236. 

*® Pohlman, Z, Physih, 1932, 79, 394. 

Bovey and Sutherland, J. Chem. Physics, 1949, 17, 843. 

®® Wagner and Homig, ibid., 1950, i8, 296; ibid,, 1950, 18, 305. 

®® Walsh and Willis, ibid., 1950, 18, 552. 

McMahon, Hainer and King, J, Opt. Soc. Amer., 1949, 39, 786. 

“ King, Hainer and McMahon, J. Appl. Physics, 1949, 30 , 559. 

®® Hainer, King and MdMahon, Physic, Rev., 1949, 75,1320. 

♦ We mean here the infra-red or Raman spectrum observed experimentally 
rather than the complete frequency spectrum. 

®’ See, for example. Bom and Goeppert-Meyer, Geiger-Scheel Handbitch 
der Physih (Julius Springer, Berlin, 1933). ^^ud edn.. Chap. 4. 

** Bhagavantam and Venkatarayudu, Proc. Indim Acad. Set, A, 1939, 9, 224. 

*® Homig, /. Chem. Physics, 1948, 16, 1063, 
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Raman spectra of crystals but it does not seem to have been applied 
to the infra-red spectra of simple molecules or ions in crystals. 

The selection rules for any group may be obtained from its sub-groups 
and a knowledge of the coefficients connecting the irreducible representa¬ 
tions of the sub-groups \vith those of the group.®® In the unit cell group 
such sub-groups are the site groups which describe the point symmetr}' 
of the crystal about the site in question. However, the concept is not 
uniquely one of the crystal. For example, the selection rules for benzene 
can be obtained by using the fact that each C—group is on a site of 
symmetry Cg® together with the abstract relation between the groups 
Cgff and When, as in benzene, the motions of the groups are closely 

coupled, there is no simple relation between the physical frequencies of a 
C—group, five of which are zero frequency rotations and translations, 
and the frequencies of the benzene molecules which arise when they axe 
coupled. Consequently, the concept is of little utility in this case. Cor¬ 
respondingly, the concept has only a slight value in classifying the lattice 
vibrations arising from the translational and rotational motions of the 
molecules as a whole which are strongly coupled together. 

However, for crystals containing molecules or complex ions in which 
the internal motion is only slightly affected by the crystalline field the 
situation is quite different. In such cases the complete harmonic potential 
function may be written in the form 

+ + . . (I) 

i i k 

where Vi, the lattice potential, includes the terms involving the centre of 
gravity and orientation terms of the molecules, is the potential energy’- 
function of the free molecule and T"/, and VjJ are perturbations. 
The first describes the change in F,® due to the equilibrium field of the 
crystal, the second, the interaction between the displacement co-ordinates 
of the jth and molecules and the third, the interaction between internal 
and lattice motions. 

Since the kinetic energy may simply be summed over the molecules ®® 
the vibrational problem can be separated into that of the free molecules 
and of the lattice vibrations if the perturbations are ignored. The zero- 
order normal co-ordinates can then be classified by the s^unmetry of the 
free molecule. 

If the terms V/ are included, the problem is still separable but all of 
the frequencies are shifted. Since the term Vf has the site symmetry of 
the molecule, which is usually lower than that of the free molecule, 
it may also split degeneracies and change the selection rules. In this 
approximation the vibrations may aU be classified under the site groups. 
If all of the molecules of a given kind in the cr>’'stal are symmetrically 
equivalent, each non-degenerate vibration of the free molecule yields one 
slightly shifted 'vibration in the crystal; but if molecules of a given kind 
fall into several s}TnmetricaUy non-equivalent sets, one frequency might 
be observed for each set. 

It should be noted that even if the remaining terms are negli^ble and 
the site-S3nnmetr5'’ is adequate for calculating the frequencies, it is not 
adequate to determine the polarization properties of the normal vibrations. 
This is true because even if all sites are symmetrically equivalent they m3.y 
be variously oriented in space. 

Even if the remaining terms are important and couple the motions of 
the molecules, the site approximation is of some utility in setting up suitable 
symmetry co-ordinates for the unit cell and in determining the selection 
rules, the latter because it breaks the problem down into a series of smaller 
problems since each molecular motion may be discussed separately, using 

Bhagavantam, Proc» Indian Acad, Sci, A, 1941, 13, 543. 

Couture, Ann. Physique, 1947, 2, 5, ser. 12. 



CRYSTALS AT LOW TEMPERATURES 


Ii8 


the abstract relation between site and unit cell groups. This will be 
illustrated later. Furthermore, it has been shown quite generally that 
(i) no vibration may be active in the crystal if it is forbidden by the site 
approximation, (2) every vibration which is active under the site group 
will gi^’e rise to at least one acti\"e component in the crystal and (3) any 
vibration which is degenerate under the site group remains so in the 
crystal. 

The terms couple the vibrations of all of the molecules. If the^j- 
are small their e&ct can be computed hy first order perturbation theory, 
in which case only the coupling between equivalent modes of vibration of 
the various molecules need be considered, except in rare cases of accidental 
coincidences of frequency. If there are N molecules of a given kind in a 
unit cell, the zero order problem yields iV-fold degenerate solutions for 
each non-degenerate normal vibration of the free molecule. These coupling 
terms resolve this degeneracy. Although it has not yet been done, the 
problem of calculating these terms is a tractable one since even if there is 
no simplification introduced by symmetry the resulting secular determinant 
is only of order N. Explicitly, if a zero order normal co-ordinate of the 

molecule is gy®, the coupling terms for this vibration in a single unit 
cell are 


^v/=-fQA 

v:t 

and the secular equation is 

^0 4 “ / ^ /12 • • • fijf 

/21 Aq — A . . . 


• (2) 


' fax Im ^0 + / A I 

where Ao =* 4WV0* and pq is the zero order frequency. The sum of the 
roots and hence the mean position of all of the coupled components de¬ 
pends only on the diagonal force constants /and hence on V/, The maxi¬ 
mum number of resulting components is equal to N, the number of mole¬ 
cules of a given kind in the umt cell. The evaluation of these inter- 
molecular force constants can contribute the same sort of information to 
the knowledge of the detailed inter-molecular field as the valence force 
constants have contributed to the understanding of the internal field. 

The rema i ni n g harmonic terms Vjj may be expected to be negligible 
in their efiect on the internal vibrational frequencies, even in second order 
perturbation theory, in most cases, because of the great frequency 
separation of the lattice vibrations and the internal vibrations. 

The changes in the spectrum when a substance is crystallized are 
frequently used empirically to draw conclusions regarding the state of 
the molecule in the (nystal, even when data regarding the crystal structure 
are not available. For example, the disappearance of lines is used to 
conclude that certain rotational isomers w'hich exist in the liquid do not 
e^t m the crystal. 1® Such conclusions must be drawn with caution 
since ^es may equally well disappear because of the operation of selection 
rules in the crystal which do not exist in the liquid. An example of this 
■type is benzene in which the fimdamental shows strong absorption 
m the liquid ^d none at all in the crystal; the same behaviour is sho'wn 
four combination bands, at least one of which is intense in the liquid, 
w the other hand, the appearance of new components in "the crystal has 
b^ used to argue that more complicated molecular species (such as 
dim^m) exist in the cr37stal whereas in most cases they arise from the 
coupling of the motions of the molecules with varying phases. As will be 
seen m the next section, the splitting due to coupling may be Quite con¬ 
siderable, jr o ^ 

Comparison of First Order Theory with Experiment.—^It is immedi¬ 
ately apparent that the simple model of the preceding paragraph is not 
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completel}’ adequate since, for example, combinations and overtones appear 
and in this approximation they are not allowed. Furthermore, there is 
abundant evidence that although sharp the line widths are temperature 
dependent, contrary to the harmonic picture, and considerably wider than 
would be expected if only radiation damping limited their width. Never¬ 
theless, the picture of the preceding paragraph applies exceedingly well to 
the fundamental vibrations. 

In simple molecules whose gas spectra are known, it is possible to 
compare the effect of the equilibrium field (F/) and coupling terms. 
The available data are collected in Table I. The numbering of the \ibra- 
tional modes is that of Herzberg, except for benzene where the numbering 
of Wilson is used. The gas frequencies are all taken from Herzberg 
and the crystalline frequencies from the sources noted. The line widths 
are at best approximate and are measured at half the maximum absorption 


TABLE I. —Some Characteristics of Infila-red Spectra of Simple 
Molecules at Liquid Nitrogen Temperature 


Molecule 

Mode of 

Frequency 

Line 

Width 

(cm.”i) 

Fr^gency 

Maximum 

Splitting 

Vibration 

Gas 

Crystal 

HC 1 »* 

>'1 

2886 

2617* 

- 






2704 

32 

— 196 

X31 




3748 

25 



HBr®^ 

*^1 

2559 

— 






2404 

30 

- 162 

34 




2438 

24 



HCN® 


2089 

2097 

7 

-f-8 

— 



712 

828 

— 






838 

19 

-f 121 

10 

HjS®® 

>^3 

3312 

3132 

32 

— 180 

— 


2610 1 

2523 

7 

—114 ? 




3684 ? / 

2532 

6 

21 


*^3 

2544 

8 

—112 ? 




1290 ? 

II71 

6 

15 





6 



DaS®® 


1893 T 

1834 

i 4 

~IOI ? 




1999 ?J 

1844 

! ^ 

22 


V3 

1856 


-32 ? 



v> 

934 ? 

846 

2 

II 




857 

1 4 



NHs®* 

n 

333C 

3223 

1 — 

-II3 

— 


v> 

933 

1060 

27 

-f-IIO 

— 



968 



-36? 



Vi 

3414 ? 

3378 

17 

— 


V4 

1627 

1646 

20 

+19 

— 

NDs®® 

Vl 

2419 

231S 

iS 

— lOI 

— 


Vi 

749 

815 

9 

+66 

— 


Vs 

2555 

2500 

19 

-55 

— 


Vi 

1191 

1196 

20 

+5 

— 

NHJ(Cl)®® 

Vs 

— 

3126 

35 

I — 

— 


Vi 

— 

1403 

7 

— 

— 

NH+(Br)®® 

Vs 

— - 

3124 

52 

— 

— 


Vi 

— 

1408 

8 

— 

25 


1 


1433 

8 




** Wilson, Physic, Rev,, 1934, 45, 706. 

®® Herzberg, Infrared and Raman Spectra of Polyatomic Molecules (D. Van 
Nostrand Company, Inc., New York, 1945)* 

®* W, E. Osberg (unpubli^ed data), F. P. Reding (unpublished data). 

®® Reding and Homig (submitted to J, Chem, Physics), 

♦ Shoulder. 
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TABLE I.— 


Molecule 

Mode of 
Vibration 

I requency {cm -i) 

Lme 

Width 

(cm.-i) 

Frequency 

Shift 

(cm.”i) 

Maximum 

Splittmg 

(cm.-i) 

Gab 

Crystal 

NH4. BFji" ' 


_ 

3335 

55 

_ 

_ 


I'iNH, : 

— 

1425 

15 

— 

— 


riBF4 

— 

51S 

Q 

— 

— 




530 

0 

— 


ND+{C 1 )®® 


— 

233 t> 

32 

— 

— 



— 

1067 

8 

— 

— 

NDr(Br)®2 

vz 

— 

2332 i 

40 

— 

— 


Vi 

— j 

1067 

8 

— 

20 




1087 

8 

— 


(Na)BHr®’ 

Vj 


2298 

35 

— 

— 


Vi 1 


II 2 I 

20 

— 

— 

BF.» 

1 

ShS 

879 

8 

-9 

— 



09I 

632 

24 

-59 

— 



720 1 

622 

22 

-57 

— 


I'S 

1440 

1406 

16 

-40 

— 

1 


1497 

1465" 

— 

-32 

— 


Vi I 

48 T 

479 

10 

— 2 

— 

COg® 

Vi 

OC7 

642 

10 






656 

12 

— 10 

30 




672* 

— 




V3 

2349 

2276* 

— 

-67 

12 




22SS 

35 



Benzene 

vn 

671 

087 

20 

16 

— 


>'12 

lOIO 

lOIO 

6 

0 

— 


*^14 

— 

1312 

3 

— 

— 


Vis 

— 

1147 

10 

— 

— 


V7 

970 

975 

7 

+ 11 

12 




987 

5 




*'18 

XO37 

1035 

9 

— 2 

— 

1 

*'19 1 

1 

1485 

1478 

5 

i 

-7 

1 



coefficient. If there are several components, the mean of all reported 
components is used to compute the frequency shift. The maximum shift 
is the difEerence between the extreme components. In BF7 the doubling 
is due to the two boron isotopes and isotopic doubling probably contributes 
to the width of in BH^. The width of V3NH4 in is probably 

due to failure to resolve a number of components since the crystal is of 
low symmetry and has four molecules per unit cell. Similarly, V3 of 
NHJ in NH4Br may actually consist of two superimposed Imes. Finally, 
the splitting of vj, in benzene has been ascribed to the removal of a de¬ 
generacy by Mair and Homig but it is possible that it is actually due to 
coupling. 

It is apparent from Table I that the largest frequency shifts occur in 
hydrogen-bonded substances although vg of BF, is displaced by 8 %; 
vu of benzene, of COj and V3 of BF3 are each displaced by about 2*5 %. 
Line widths at — 195® C are approximately 35 cm."^ for hy^ogen stretch¬ 
ing vibrations in the strongly hydrogen-bonded substances (hydrogen 
halides, ammonium halides and HCN) and considerably less in NHs and 
HgS. Many of the line widths approach the resolution of the measure¬ 
ments. In this connection it should be noted that at 80® K, Hainer, 
King and McMahon *• found the line widths in cholesterol crystals to be of 
the order of 2 cm.-^ and they resolved ten peaks between 798 cm.“i and 
S44 cm.“i. There is no doubt that very sharp lines may be obtained at 
low temperatures; in cases where this has b^n denied ** it is probable 

” Walnut, DisserkUion (Brown University, 1950). 



D. F. HORNIG 


I 2 I 


that individual lines were not resolved, either instrumentally, because of 
scattering or because the substance was not genuinely crystalline. 

As to the relative effects of V/ and Table I indicates that both 
shifts and coupling must be taken into account but that, at least in polar 
substances, the effect of the former may be several times greater than 
the latter. The general correlation betv^een a gas frequency and a set of 
crj’stalline frequencies is obvious in all cases. The only substances in the 
Table whose crystalline frequencies have been analyzed in any detail 
are benzene, the ammonium halides, NH3 and ND3, and no discrepancies 
with either the X-ray structures or the theory have emerged. 

In low temperature NH4CI and ND jCl the ion symmetry is tetrahedral 
and there is but one molecule per unit cell so that the triply degenerate 
vibrations should have but one component, as was found.®* In low tem¬ 
perature NH4Br and ND4Br the ion symmetry is and should be 
split into two components; they are given in Table I. Further, because 
there are two molecules per unit cell each vibration should be doubled but 
the second component should be observed only in the Raman spectrum. 
The close coincidence of Raman ®® and infra-red spectra indicate that the 
coupling is negligible, as might be expected because the heavy Br~ ions 
isolate each NH4 ion. 

The benzene spectrum was classified by IMair and Homig purely on 
the basis of site symmetry. Recently Hainer and King ®® have reported 
four new lines between 680 cm.-^ and 1171 cm.-^ m the spectrum at 4° K ; 
three of them are spaced only 4 cm.-i from lines previously observed. 
Since the space group of benzene is Fj* with four molecules per unit cell, 
each non-degenerate vibration should yield four components, three of 
them infra-red active. This is sufficient to account for all of the new 
components but further study is needed to discriminate the equilibrium 
splitting and the coupling effects. It is interesting to note, incidentally, 
that a comparison of the frequency shifts between gaseous and crystalline 
NH3 and NDg suggests that the frequency of KHs, which has not been 
positively established in the gas phase, is not 3414 cm.“^, as given by 
Herzberg,®* but 3450 cm.-^ as suggested by Sutherland.*® Similarly, 
the crystalline spectra of HaS supports the frequency 2625 cm.“® for V3 
and iiygcm.-i for vg which have been proposed recently rather than 
the values in Table I. 

The Structure of Solid CO2.—Enough published data are a\'ailable to 
compare the spectrum and X-ray structure of solid COg. According to 
the X-ray data the space group is with four molecules per unit cell.*®* *® 
The molecules all lie on sites of symmetry Csi(s S#). This site symmetry 
alone is sufficient to establish that the exclusion rule between infra-red 
and Raman spectra should hold, as indeed it does. Comparison of the 
character tables of groups C3, and T* shows that, in addition, the totally 
symmetric vibration vj (species of C3,) should give rise to two compon¬ 
ents, species Ag and Fg, of T*. They may both be Raman active. In 
fact, this vibration is split by Fermi resonance wdth 2vg, just as in the gas, 
so that only the Ag component has been identified.** Similarly, the anti¬ 
symmetric stretching vibration, r, (species A^), should give rise to two 
components, species and P*, of and only the latter should be infra¬ 
red active. However, two active components were observed by Dahlke.* 
Finally, the bending vibration, v, (species P# of Cj*), should yield three 
components, one of species P* and two of species P„. Only the latter pair 
shoidd be active but three components were observed. 

At the moment these conflicts cannot be reconciled. The appearance 

** Krishnan, Proc, Indian Acad. Sd. A, 1948, 27, 321. 

Hainer and King, Physic, Rev., I949» 7^, 473. 

*® Sutherland, ibid., i939» 836. 

*1 King, J. Chem. Physics, I947» * 5 * 85 ; Hainer and King, ibid., 1947, * 5 » 89. 

*® de Smedt and Keesom, Proc, K. Akad. WeienscH., 1924, 37 « 839. 

** Mark and Pohland, Z. Krist., 1925, 61, 293. 

** McLennan and Smith, Can. J. Res., 1932, 7 t 551. 
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of more than the predicted number of active components suggests that 
the S3niimetry is lower than found in the X-ray investigations. On the 
other hand, the difficulty may lie in the interpretation of the spectroscopic 
observations. It is interesting that the observed number of infra-red 
components is exactly equal to the total predicted number, active and 
inactive. A variety'’ of qualitative explanations might be ofEered but it 
is clear that CO2 deserves further study. 

The Structure of Crystalline HGN.—^The structure of crystalline HCN 
has not been reported by X-ray investigators. It is possible, however, 
to reach some fairly definite conclusions on the basis of the low temperature 
infra-red spectrum. The salient facts about the spectrum which must be 
explained are (i) that although HCN is one of the most perturbed molecules 
listed in Table I the stretching frequencies have but one component, in 
contrast to the hydrogen halides, and (2) that the bending frequency has 
two components which are polarized, as shown by the fact that only one 
appears in thin non-scattering films, but both appear in thick films and 
that the ratio of their intensities is variable.’ 

The first fact implies either that there is but one molecule per unit cell 
or that, if there are more, the remaining coupling components must be 
inactive because of s^nnmetry. This conclusion is strengthened by the 
extreme sharpness of the C=N stretching vibration, vi (only ycm.-^). 



Fig. I. —Single layer of HCN crystal. 


If a structure 'with only one molecule per unit cell is assumed, the molecule 
must lie on an axis of S3mimetry no higher than Ca to explain the second 
fact. No reasonable structure of this sort can be found. 

If there are several molecules per unit cell the number cannot exceed 
four, the maximum number in which a non-degenerate vibration can couple 
to yield but one active component. This can occur by coupling to yield 
an active triply degenerate component plus an inactive totally symmetric 
mode in a cubic group, or by coupling to 3deld a doubly degenerate vibra¬ 
tion and two inactive vibrations in a tetragonal group. Cubic groups are 
ruled out by the polarization and a tetragonal (or hexagonal) structure is 
possible only if the axis of the molecule is perpendicular to the symmetry 
axis. 

It does not seem possible to construct a tetragonal crystal with only 
two molecules per unit cell which will meet these specifications. Neither 
does it seem possible to construct a hexagonal crystal with molecules per¬ 
pendicular to the 3-fold axis. However, it is possible to construct a 
tetragonal crystal with four molecules per unit cell which satisfies all 
requirements. It is a lay’-er structure in which each layer consists of anti¬ 
parallel chains of HCN and alternate layers are rotated by 90®, A 
characteristic layer is shown in Fig. i. This structure has symmetr}’’ 
CJfc. It is readily ascertained that the unit cell contains two four-fold 
screw axes, two C% axes, two planes of symmetry (containing the HCN 
molecules), and eight centres of symmetry (four in each plane, midway 
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bet-vveen chains of HCN molecules and at the point of intersection of the 
screw and Cg axes with the plane). In this structure the HCN molecules 
occupy* points of s^nnmetry Comparison of the character tables for 
and Cut shows that each vibration of species A' in (both stretches 
and one component of the bend) gives rise to one component each of 
species Ag, Bg and in 64^. The first two may only be Raman active 
but the latter may only be infra-red active. It is polarized perpendicular 
to the 5 4 axis. Similarly, the component of bend parallel to the tetragonal 
axis is of species A" in C^t and the four molecules may couple to give com¬ 
ponents Ats, and Eg, Species .^ 4 # is active in the infra-red spectrum, 
Eg in the Raman and in neither; the A^ component is polarized 
parallel to the S4 axis. These conclusions could readily be checked from 
the Raman spectrum since mutual exclusion is expected. 

No other structure which is compatible with the observed spectrum 
could be found. Nevertheless, these conclusions should be taken wdth 
caution until Raman and X-ray data are available. It is interesting to 
note that if the distance between layers is nearly the same as the distance 
between chains in a single layer, as one would expect, this structure would 
yield a nearly cubic crystal. 

Complicating Features.—If the first order approximations are not valid 
and higher order terms must be included in the expansions, the spectra 
wdll be complicated by overtone and combination bands, not only of the 
internal modes but also between lattice and internal vibrations. Further¬ 
more, there are essentially no selection rules for overtone and combination 
bands since, as was pointed out by Bom and coworkers *** and recently 
in elegant form by Winston and Halford,*’ the only rigorous selection rule 
is that the combining states must have the same wave-number vector in 
the ciystal. Since every internal vibration gives rise to coupled modes 
wdth essentially all wave-number vectors this amounts, in general, to re¬ 
moving all restrictions on overtones and combinations. Overtone bands 
may then have a line width equal to twice the width of the frequency dis¬ 
tribution of the branch arising from the coupling of a given internal mode of 
vibration, and a combination band may have a width equal to the algebraic 
sum of the widths of the distributions of the combining branches. Fre¬ 
quency distribution functions have not been calculated for any complex 
crystals but an idea of their wddth may be obtained by noticing that the 
splitting due to coupling within a single unit cell constitutes an extremum, 
so that the wddth of the distributions may safely be taken to be of the order 
of magnitude of the splittings tabulated in Table I. The widths allowed 
by the general theory may be as great as a hundred wave numbers in this 
case. 

Empirically, however, such Ime wddths are not observed in ordered 
crystalline substances. With overtones and combinations of internal 
vibrations in such molecules as benzene, HCN, the ammonium halides and 
NHs they* are only slightly, if at all, greater than the widths of fundamentals. 
Moreover, the general theory predicts that selection rules vanish, not only 
for combinations, but efiectively also for fundamentals (i.e. coupling 
components of internal fundamentals) since at any temperature but 
absolute zero fundamental transitions may originate in excited lattice 
states whose symmetrj^ in general, may include all of the irreducible 
representations of the unit cell group, i.e. they ma^' be of the form 
H- Vi —' Vi, where vj is the internal frequency and v^ is the lattice 
frequency. The fundamental might also appear as an allowed combination 
with very low-lying lattice vibrations so that it w^ould not be recognized 
as a combination. These phenomena have not yet been observed, how¬ 
ever ; in ail of the cases which have been examined to date, the selection 
rules for combination bands can be obtained from the unit cell group 

** Born and Blackman. Z. Pkysiht 1933. 82, 551. 

** Bom and Bradbura, Proc, Roy. Soc, A, 1947, 188, 161. 

*’ Winston and Halford, J, Chem. Physics, 1949, 17, 607. 
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and no violations of selection rules have been observed for fundamental 
vibrations. 

Combinations with Lattice Vibrations.—Combinations between internal 
and lattice vibrations have been observed in a number of cases. Mair 
and Homig observed three lines in the spectrum of benzene at — 170® C 
which could only be interpreted as combinations of with torsional 
vibrations of the benzene molecule in the lattice having frequencies 82, 
98 and 128 cm.-i. Such vibrations have been observed as fundamentals 
in the Raman spectrum of crystalline benzene at liquid Ng temperature 
with the frequencies 81, 101 and 124 cm. 

In the ammonium halides it was found that the line which occurs in 
both the infra-red and Raman spectra at 1790 cm.-^ in NH4CI, 1718 cm.“i 
in NH^Br and 1685 cm.-i in NH4I can only be a combination between 
the triply degenerate bending vibration V4 of the NHJ ion which has a 
frequency of about 1400 cm.”^ in all three cases and torsional vibrations 
in the lattice wdth frequencies 390 cm.-i, 315 cm.“i and 285 cm.-i. 

The NH3 and ND3 crystals show regions of absorption extending from 
1350 to 1650 cm.~i and 1050 to 1200 cm.”S respectively, which must be 
combinations of the parallel bending vibration v* at 1060 cm.-i and 815 
cm.-i with lattice torsions. In this case this conclusion was confirmed 
directly by the observation of strong absorption maxima in NHg at 527 
cm.“i and at 362 cm.-^ which must be the corresponding fundamentals. 
Similar maxima were observed in NDj at 406 cm."i and at approximately 
250 cm.~i. 

Such torsional frequencies offer one of the easiest routes to the direct 
calculation of intermolecular potentials. They are also important because 
for crystals composed of polar molecules they must be the chief source of 
the atomic polarization term in the dielectric constant, both because they 
are the lowest lying frequencies and because the line strength may be very 
great. In NH3 the line at 362 cm.“i is the most intense, by far, in the 
entire spectrum. These torsional frequencies (termed “ librations by 
some authors) have also been observed as broad combination bands in 
HCl, HBr and HaS and as a fundamental in HCl. 

Up to the present time no definitely established combinations of in¬ 
ternal modes with translational lattice vibrations have been observed 
although the absorption at 3223 cm.~i in NH4CI and 3195 cm.-^ in NH4Br 
has been attributed to the combination of the totally symmetric vibra¬ 
tion of the NH^ ion at 3048 and 3037 cm.-i with the lattice frequencies 
in the vicinity of the Reststrahlen frequency. It seems quite certain 
that combinations with torsional frequencies are of much more common 
occurrence. 

Intensities.—^AU of the preceding discussion has been in terms of vibra¬ 
tion frequencies. In these terms the effect of the crystal may be considered 
a small perturbation of the molecules, except for the introduction of a new 
effect, the lattice vibrations. How^ever, in the case of intensities enough 
data has been accumulated to indicate that major changes may take place 
on crystallization. For example, the relative intensities of the vibrational 
fundamentals in HCN ’ and in NHs change tremendously. Moreover, 
it has been reported for both the ammonium halides and benzene that the 
integrated intensity of the fundamental vibrations decreases by about 
30 % in going from room to liquid nitrogen temperatures.** The available 
data are so slight, however, that no conclusions can yet be drawn except 
that significant effects occur and that both theoretical and experimental 
studies of intensities are needed. 

Metcalf Chemical Laboratories, 

Brown XJniversity, 

Providence, Rhode Island. 
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INFRA-RED ADSORPTION SPECTRA OF METALLIC 
ACETYL-ACETONATES 


By Jean Lecomte 
Received [in French) 20th July, 1950 

The absorption spectra of seven metallic acetyl-acetonates have been obtained 
from the powders in the region 525-1750 cm.-^. These experimental results 
are interpreted in terms of the vibrations of the carbon cham and the CHj or 
CH3 groups, and taking account of the keto-enol isomerism. The changes 
caused in the spectra by the presence of the metal are stressed. From the 
infra-red spectra it is deduced that tiie acetyl-acetonates behave as complexes 
and that a cyclic formula is most probable. 


The work * was commenced in 1939.^ but it did not give any clear 
interpretation of the spectra of the three metallic acetyl-acetonates studied, 
and we have since repeated this work and increased the number of sub¬ 
stances studied to seven, using instruments built by Perkin-Ehner and 
Beckman in the region 700-1750 cm.“^ (cf. spectrograph of weak dispersion 
used during 1939 and 1940). We have extended the range bet^veen 525 and 
700 cm.-i by using a prism of sylvine in the spectrograph. The spectra 
were easily obtained with dry powder using either the technique previously 
employed at the Sorbonne,® or by moistening the powder with Nujol. 
We have also examined the spectra of freshly distilled acetyl-acetone. 
Four metal acetyl-acetonates were studied in the same way as Morgan * 
with acetyl-acetone between 400 and 3000 cm.*"^, mainly with the object 
of investigating the characteristic bands of the metal-oxygen bands. 
In the interpretation of our measurements we use these results in the same 
way as those obtained for the Raman effect by Kohlrausch and his col¬ 
laborators* on the important series of substances showing keto-enol iso¬ 
merism. 

Experimental Results 

Our results are summarized in Fig. i in which the positions of the absorption 
bands are indicated by lines, the height of which is proportional to the intensity. 
This Figure also includes Morgan’s results. On the whole we find the same 
behaviour as that found by Morgan, but our results for ferric acet}d-acetonate 
do not agree with his. (This is the only acetyl-acetonate w’hich is common to 
both sets of results.) We consider that this difierence is due to the fact that 
the preparations did not lead to the same product in both cases. 

From Morgan’s results for the region 400 to 525 cm.“^ and from our results 
for the region 525 to 1750 cm.-^, the main regions of absorption for all the acetyl- 
acetonates are found in the same position, whatever the metal, and have mean 
wave numbers as follows : 


410 450 and 470 512 and 530 760 to 824 930 1020 

=F 2 3 456 

1185 and 1266 1310 to 1368 1400 1450 1520 1560 cm.-^. 

7 8 9 10 II 12 

* Carried out in collaboration with M. Ren^ Freymann, Professeur k la Faculty 
des Sciences de Rennes, and with M. Clement Duval, Mattre de Recherches au 
Centre National de la Recherche Scientifique 

1 Lecomte and Freymann, Compt, rend., 1939, ao8,1401. 

» Lecomte, Cahiers physique, 1943, 17, i. 

* Morgan, 17 . 5 . Atomic Commission, 1949 ; AECD, 12659, 16. 

* KoMransch and Pongiatz, Ber., 1934, 67, 976, 1465 ; Kahovec and Kohl¬ 

rausch, Ber., 1940, 73,1304 ; Kohlrausch and Pongratz, Siiz. Akad. Wiss, Wien., 
1937, 226; Monatsk., 1937p 7 ®» 226. 
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METALLIC ACETYL-ACETONATES 

A certain number of w^-defined absorption maxima also exist between 600 
and 700 cm.“^ to which we refer later. 

Interpretation of Results.—^An interpretation of the vibration spectra 
of metallic acetyl-acetonates does not seem to have been previously attempted 
and an approach has only been made to certain parts of this difficult problem. 
For the sake of clarity we use a semi-empirical method in considering in turn ; 
(i) the bands due to skeletal carbon atoms (and also the hydrogen atoms), but 
not of the metal, nor of the keto-enol isomerism ; (ii) the bands due to keto-enol 
isomerism ; (iii) the bands due to the presence of metal. 

When we consider the problem of the whole system it appears too difficult to 
solve by methods at present available, using the number of relatively important 
vibrating masses, and also the influence exerted by the metal on the spectra 
about which so little is known, for compounds such as acetyl-acetonates. 
Although the method appears to be somewhat indirect and is open to criticism, 
we shall, where possible, consider the problem to be one analogous to that of 
a carbon chain of the acetyl-acetone t^^e, with -which in fact we are left after 
removal of the metal. Then we investigate how the metal interferes, and con¬ 
sider possible new structures. W^e assume that although -the final structure 
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may be cyclic, we apply conclusions obtained from the consideration of a non- 
cyclic -type. In egect, the cyclic form is necessary to explain Our results, but 
such a specialized cyclic structure need not be considered as a whole, as we do 
for aromatic and cydohexanol nuclei (at least for the modes of vibration of 
the carbon chain). On examining the cyclic structure in its several parts, the 
constitution of which need only be known -to a first approximation, we are able 
-to obtain interpretations which are clearer than those obtained from the study 
of -the problem as a whole. 


Discussion 

—Bands Due to Skeletal Carbon Atoms or GH^ or GH3 Groups.— 
(a) To simplify the problem we consider the carbon chain of acetyl-acetone 
in the keto form in which the groups CH, and CHj appear as single entities 
(it may be noted that ii the ion is in the enolic form, with the groups 
CH, CHa and OH considered as points, the result is the same). With the 
moleculsx model for seven masses similarly constituted the number of 
fundam^tal vibrations is X5. It is inter^ting to note that modes of 
vibration are obtained which, as a first approximation, are applicable to 
theacetyl-acetonates. 
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We note that it is possible to consider the carbon skeleton of acetyl- 
acetone as formed by the combination of two molecules of acetone con¬ 
nected by a common CHj group, thus : 


O 



Hs 


acetone 


CH,/ 




acetyl-acetone* 


The modes of vibration of a molecular model are then obtained in the form 
of a coupled double Y structure sometime in-phase and sometime out-of¬ 
phase, i.e. the six well-known modes of vibration for acetone considered 
as a model in the form of a Y structure with the CH3 groups as points. 
This leads to 12 modes of vibration to which must be added 3 others 
obtained by appropriate coupling of one translation and two rotations 
which do not give absorption bands for the free acetone molecule. One 
thus gets the scheme shown in Fig, 2. Two of these modes of vibration 


xx'Ju 

V, p W V, ^ 5 . *: v; 

JU. .XX. 


Fig. 2, 


are inactive in absorption. The symmetry of the scheme conforms to 
that found for a molecular model of symmetry C29 with one mass vibrating 
on the binary axis and three symmetrical masses on both sides of the 
axis. 

Our procedure gives a ready interpretation of the absorption maxima 
of metallic acetyl-acetonates as being due to the skeletal carbon atoms. 
In effect, the coupling of a single vibration of acetone, sometime in phase 
sometime out-of-phase, produces two vibrations of acetyl-acetonates the 
wave numbers of which have a small separation and which also approach 
the vibrations of acetone by which they are caused. The maxima iu- 
cluded in the regions i, 2, 3, 4 and 7 can be compared with the following 
vibrations of acetone. 

a>8 6t)g 0)4 

390 (D) 489 (P) 527 (D) 787 (P) 1225 (D) cm.-^ 

The letters D and P indicate polarized or depolarized Raman lines. 

We consider further the vibration o»a. It will be difficult to claim a 
better agreement between the calculations and the spectra of the acetyl- 
acetonates. It may be noted in passing that region i only gives a single 
band for these latter substances because coupling in-phase and out-of-phase 
of the We vibration of acetone leads only to an active vibration in the 
infra-red for the simplified model considered here. 

ip) li we now take into account the characteristic vibrations of the 
.CH, and CH, groups, we find a new series of bands which can also he 
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compaxed vn.th. those of acetone. We have previously given ® an analysis 
of the vibrational spectra of the latter substance. But here we must note 
that the coupling in-phase and out-of-phase of two molecules of acetone 
will probably not produce large differences between the wave numbers 
with the result that the bands %vill be considered as single ones for the 
acetyl-acetonates as is confirmed by experiment. The agreement found 
with the older measurements on acetone is given as follows : 

Acetone . . (907 918) 1070 1060 (1298 1346) (1429 1444) cm.-^ 

Ra IR IR Ra IR Ra IR Ra 

Acetyl acetonates 920-930 1005-1025 ? 1310-1368 1447-1460 cm.-^ 


II.—Bonds due to Keto-enol Isomerism.—^The question of the keto- 
enol isomensm is mere complicated than the preceding one because the 
molecular structure is not exactly known and because, at least in the 
enolic form, the position of the bands usually attributed to C=C and 
C==0 undergo important variations. 

Our measurements lead to the conclusions that metallic acetyl- 
acetonates, exist solely in the enolic form and that a cyclic formula of 
the Sidgwick t3^e best represents the experimental results. 

We will now give a brief review of the wrave numbers attributable to 
the vibrations of the CO bond. These results then help in the interpretation 
of the metallic acetyl-acetonate spectra and allow a choice between the 
possible enolic structures. 

(a) We recall the well-known result that the normal values of the 
characteristic bands of the C=0 group, for example those of the aldehydes 
and the aliphatic acetones, as with the esters of formic acid, occur at about 
1718 cm.-i. The introduction of halogen atoms increases these wrave 
numbers appreciably. Numerous examples of the reduction of the fre¬ 
quency are knowm in other work, for example, in aldehydes and aromatic 
acetones, and recently Jones has given evidence showing that in the sterols 
the CO band could be characterized by bands varying between quite wide 
limits. 

It is also noteworthy that in measurements made at the Sorbonne on 
almost a thousand salts of organic acids ® which ionize gi\'ing the carboxyl 
group, a resonance was found to occur between the bonds of the carbon 
atom and each of the two oxygen atoms. One can no longer speak of 



in which the symmetrical and anti-symmetrical vibrations are at 1300 
to 1400 and at about 1550 cm.~^. An analogous phenomenon seems 
to occur in substituted amides when resonance tends to reduce the bond¬ 
ing force between carbon and oxygen and to increase that between 
the bonding force between carbon and oxygen and to increase that between 
carbon and the NH* group. We therefore wrrite the formula 


R— 


and 


'^NHa 
unsubstituted 
amide 


'fNH—R' 
mono-substituted 
amide 


One can consequently determine from the vibration spectra whether a 
CO group exists in a perturbed or unperturbed state, from the positions of 
the characteristic bands between 1300 and 1750 cm.“i. 

(6) The above conclusions can be applied to the metallic acetyl- 
acetonates. The complete absence of a band in the region 1700 to 1750 

* Lecomte, J. Physique^ 1945, 1*7- 

• Lecomte, Rev. OpHque, 1949. 353 > Duval, Lecomte and Mme. Douvilld, 

Am, Physique, 1942, 17, 5; Mme. Douvill^, Duval and Lecomte, Bull, Soc, 
ehirn,, 1942. 9, 548. 
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cm.”^ shows that we are not dealing "with a formula derived from the 
ketonic form or acetyl-acetone. 

CHa CO CHa CO CH3. 

The changes which we find in the characteristic frequencies of the CO 
groupings favour the enohe form. The latter becomes more probable if 
one considers the number of bands which occur in the region 1300 to 1600 
cm.~^. We attribute tvro of these to the CHa or CH3 groups (see above), 
so that there remain three bands characteristic of the enolic form. These 
latter are clearly interpreted in terms of an enolic form, two absorption 
bands arising from the <ot vibration of acetone (affected by the necessary 
perturbations), and another v/, from a translation mode of the acetone 
molecule, but with the C=C bond perturbed. 

One can then think of the strong bands between 1550 and 1562 cm."i 
on the one hand and between 1310 and 1403 cm.*"^ on the other, as caused 
by the two CO groups. Inasmuch as one can consider separately the bonds 
between atoms without taking account of the rest of the molecule, the 
first would represent a CO group with an attractive force reduced rela¬ 
tively to a ** double bond; the second represents a “ smgle bond 
of increased strength. In a paper on the esters of aliphatic organic acids 
we have shown that this latter occurs in the region 1200 cm.-^.'' (when we 
are concerned \vith a simple non-perturbed bond). The variations of the 
b jnds between carbon and oxygen, which we have considered, apparently 
tend to reduce the separation between the two wave numbers previously 
indicated. In its turn the maximum found between 1500 and 1534 cm_.i 
would represent a perturbed C=C bond. 

We show that it is equally possible to choose for the perturbed vibration 
of C=C bond the intense band between 1550 and 1562 cm.“i and for the 
perturbed C=0 \dbration, the band which exists betw^een 1503 and 1534 
cm.“i. We nevertheless think that the first alternative which we have 
given above is the more correct by reason of the results of the Raman 
spectra of zinc and aluminium complexes of acetyl-acetone, of methyl or 
ethyl malonate (measured by Kohlrausch et ah). The study of analogous 
compounds in the infra-red is in progress. 

(c) Until now we have proceeded to the identification making use of 
the maxima of the absorption spectra of various modes of vibration 
without making a precise statement about the structure of the enolic 
form and we w'ere satisfied to indicate the changes in the normal character¬ 
istic absorption bands of the different groupings caused by the presence 
of the metal. The problem has been to indicate the nature of the \dbrations 
rather than to apply them to a known formula of the molecule. This 
latter, however, will now be attempted. Kohlrausch, in particular from 
a study of Raman spectra, has been interested in this question, and in the 
case of acet^d-acetone has indicated the possibility of four enolic forms, 
tw’o mono-enolic and two di-enolic. We ^all only reproduce the first two. 

CH3 - C(OH) = CH - CO - CH3, 

CH* = C(OH) - CH3 CO - CH3, 

and Kohlrausch shows that neither of these is satisfactory. 

Limiting ourselves to the infra-red spectra, we observe that these 
formulae indicate the existence of an OH group and that we will have to 
hnd corresponding bands (fundamental and harmonics) in the near infra¬ 
red which, however, are not found. Alternatively, the spectra would have 
to be similar to those of the tertiary alcohols, but they actually show few 
analogies to these. Also, in the region 10 to 12 jtt one should find eT idence 
of a double bond in the linear molecule, but the bonds of the acetyl 
acetonates do not correspond to what one would expect. 

For these reasons, and others which have been given by other authors. 


’ Lecomte, J. Physique, 1942, 3, 193, 
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a cyclic formula seems the most likely. With acetyl acetone the internal 
cyclic formula explams perfectly why no OH bands exist (see the analogous 
classical cases of salicylaldoh3’'de or of methyl salicylate). 



With acetyl acetonates we have stressed that the introduction of a 
metalhc atom into the molecule leads to important changes in the positions 
of the bands representing the C=0 or C==C (perturbed) bonds. If the 
metal is bonded to only one of the oxygen atoms the vibrations of the 
two atoms is not markedl}’- disturbed. We have shown, moreover, an 
analogy between the acet^d-acetonates and the metallic salts of organic 
acids in which we are concerned -svith the valency vibrations of CO. In a 
number of different papers we have shown that even with monovalent 
metals in the salts the metal is bonded to two oxygen atoms in the ionized 
carboxyl groups. We show below that it is not possible to consider the 
acetyl-acetonates as salts, but that the cjxlic formula of Sidgwick is quite 
sati^actory. 

HI.—Characteristic Bands of the Metal.—In the large number of salts 
of organic and inorganic acids which have been studied at the Sorbonne, 
characteristic bands of the metal are not found. The latter appear then 
as transparent in the region extending from the visible to less than 
500 cm,“i (except for certain rare earth metals which show bands of an 
electronic nature in the near infra-red). At most, one finds a few little 
understood variations in the position of maximum absorption. 

It is not possible with the few measurements available in the infra-red 
to confirm the nature of the bonds between the metal and the oxygen 
atoms according to the structure which we have indicated. It is, however, 
certain that the metallic acetyl-acetonates do not behave as salts but as 
complexes and in the same way we can forecast other physical properties. 

At first the set of bands between 1310 and 1405 cm.“^ and which we 
have attributed to a CO vibration, were clearly displaced to the lower 
frequencies according to the increase in weight of metal. We have never 
found a similar result for salts. 

The important poin^ is that between 600 and 700 cm.”^, there are well- 
defined bands the number and position of which vary with the metal. 
The wave numbers which have b^n found are : 


Be 

Mg (after Morgan) 
Cr 

Fe+++ 

Fe (after Morgan) 
Co++ 

Co+++ 

Cu 

Zn 

Th (after Morgan) 
U (after Morgan) 


661 (F) cin.-i. 

608 (F), 621, 639, 642. 

596 (F), 606 (m), 650 (F), 671 (F). 
660 (F). 

626 (F) 655. 

666 (F). 

634 (F), 669 (aF), 694 (F) 

607 (F), 648 (F), 677 (aF). 

622 (m), 677 (m). 

644 (F). 

619, 626, 651 (F). 


If the metal only play^ an inactive role as in the salts we shall not 
have to consider it when listing the vibrations. We have shown that all 
the vibrations which were expected have been identified with sets of bands 
which axe found when one passes from one acetyl-acetonate to another. 
To explain subsidiary absorption maxima between 600 and 700 cm.-^, 
one must suppose that several molecular forms exist which have common 
bands except in this region. This theory appears unlikely. 

These difficulties axe not present if one considers a ring in which the 
metal is included. The list of vibrations shows that three are known. 
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besides that of the molecular forms in which the metal is not included. 
In agreement with Morgan this argument leads to the possibility of the 
bands in question being due to the metal-oxygen bonds. Unfortunately, 
we have been unable to show the precise nature of these bonds so one can¬ 
not state that they do not resemble those present in a salt. All that can 
be stated is that the region 600-700 cm.-^ corresponds to a relatively 
feeble elastic force for these vibrations. 

We have attempted to explain the variation in the position of Me—O 
bonds, but have not reached any conclusive result. It may only be noted 
that for the heavy metals, e.g. Th and U, the bands occur in the same re^on 
as for light metals, e.g. Be. To a certain extent the atomic radius divided 
by the valency of the metal helps in the elucidation of this fact. 

It is not possible at present to explain why the number of bands is 
variable between 600 and 700 cm.”^ as one passes from one metal to another. 
One would expect that associated with the metal one ring exists for mono¬ 
valent metals, two rings for bivalent metals, etc. Unfortunately, as 
indicated for example by Co"*"^ and Co'^'^'^, the number of bands is not in 
accord with the valency. 

Conclusions.—In this work we have tried to contribute to the know¬ 
ledge of infra-red absorption spectra and to the analyses of the results 
obtained. In elucidating the difficult problem of the structure of the 
metallic acetyl-acetonates, we have accurately listed and identified the 
\4brations of the carbon chain obtained with a structure which seems to 
be cyclic (probably a single enolic form) and shown that complexes are 
involved. Unfortunately a number of points remain unsettled, amongst 
the most important being the manner in which the metal is bonded to 
the rest of the molecule. 

We hope to return to this question in other work dealing with other 
metallo-organic compounds which behave similarly to these complexes. 

This work was carried out in the Laboratoire des Recherches physiques, 
Sorbonne, under the direction of Monsieur le Professeur Cabannes to whom 
we wish to exjnress our sincere appreciation for the interest which he has 
taken and for facilities placed at our disposal. Our appreciation is due 
also to our colleagues M. Ren6 Freymann and M. Clement Duval who have 
allowed us access to unpublished work. Thanks are also due to M. 
Fauvarque and MUe. Morandat for measuring and analyzing the spectra. 

Laboratoire de Resercke physiques, 

Sorbonne, 
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THE INFRA-RED ABSORPTION SPECTRA 
OF BORON-NITROGEN COMPOUNDS* 
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H. C. Longtjet-Higgins 
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The infra-red spectra of borazole, iST-trimethyl borazole, aminodimethyl- 
borine and trimethylamine-bonne are described and interpreted. Analogies 
are drawn between the spectra of these compounds and those of benzene, mesltyl- 

* Part of this work was done at the University of Chicago under U.S. Office 
of Naval Research, N6-ori-2o, 
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ene, isobutene and woopentane respectivelv. with which they are isoelectronic. 
The resolution employed enabled a satisfactory’' analysis to be made of the 
spectrum of borazole throughout the range from 7000-400 cm.-’-. 

The extremely high intensities of the bands indicate the high polarities of 
the structures and correlations are made with the strengths of the bands and 
the corresponding modes of vibration. Certain bands, which can be associated 
with simple vibrational modes, indicate how the bonds to the hydrogen atoms 
from boron, mtrogen and carbon atoms change with the nature of the BN bond. 


The compounds borazole (BaNsHe), iV'-trimethylborazole(NN^'fS/’"- 
MesNsBaHa), aminodimethyl-borme (MejNBHa) and trimethylamme- 
borine (MeaNBHa) are of great interest not only from the point of view of 
the chemistry of boron but also because they present structural problems 
which are amenable to spectroscopic attack. The molecules have much 
more strongly polar structures than those of more common substances 
because of the formation of a co-ordinated bond between the donor nitro¬ 
gen and the boron atom, the BN bond tending to become similar to its 
isoelectronic CC counterpart. Amongst the various spectroscopic effects 
to which this gives rise the most striking is the unusuaUy high intensity of 
certain of the infra-red absorption bands. A consideration of band in¬ 
tensities and corresponding modes of vibration gives some idea of where 
the high polarities are located in the molecule. In what follows a short 
discussion of the spectra of each compound vdll be given. WMle the 
analysis for borazole is fairly complete, that for the other substances is 
only partial because of the large number of fundamental modes which 
these substances have and also because it was only possible to record the 
strongest bands with our experimental arrangement on account of their 
relatively low vapour pressures. 

Borazole.—^Borazole is isoelectronic with benzene, a substance which 
it resembles in many wayrs. Chemical evidence, electron diffraction * 
and spectroscopic studies * support a regular hexagonal structure similar 
to that of benzene, the carbon atoms of the ring being alternately replaced 
by boron and nitrogen atoms respectively. The hydrogen atoms do not, 
of course, form a regular hexagon because of the different lengths of the 
NH and BH bonds. The R a man and infra-red spectra of borazole were 
obtained by Crawford and EdsaU * who, assuming the molecule to have 
Da* symmetry, were able to make a satisfactory assignment of most of 
the fundamental frequencies. The resolving power of their infra-red 
spectrometer was, however, very poor compared with that of modem 
instruments, its limitations being clearly stated in their paper. The 
spectra we have obtained, which were recorded on a modem high resolution 
prism spectrometer (Perkin-Elmer 12B, with LiF, NaCl, KBr prisms) 
bring out many important features which they were unable to observe 
especially in the short wavelength region. The slit widths previously 
used (e.g. 250 cm.-^ at 3000 cm.resulted in observed absorption in¬ 
tensities on narrow bands roughly 50 times less than those reported here 
and in some cases led to completely misleading values of relative intensities. 
Work on the higher frequency overtones was impossible in the earlier work 
and the structure of band envelopes and the isotope effects were not 
resolved. 

The spectrum of borazole is given in Fig. i. Many of the bands are 
so intense that a few tenths of a mm. pressure in a path length of 10 cm. 
is all that is needed for their observation. The theoretical expectations 
for a model of symmetry are contained in Tables I and II. These 
are followed by Tables III and IV of assignments of the bands observed. 

^ Stock, Hydrides of Boron and Silicon (Oxford University Press, 1933). 

a Bell ajod Emeleus, Quart Rev,, 1948,2,132. 

* Bauer, J, Amer, Chem, Soc,, 1938, 60, 524. 

^ Crawfora and Edsall, J, Chetn, Physics, 1939, 7, 223. 
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TABLE I.— Selection Rules for Eundamentals of Borazole 
[ D ^ Model) 


Species 

Activity 

Number 

-li 

R(P) 

4 


Inactive 

0 

A,' 

Inactive 

3 

A'' 

I 

3 

E^ 

R(d) and I 

7 

E" 

R 

3 


Species marked ' give rise to in-plane modes, and those marked " to out-of¬ 
plane modes. R denotes Raman activity (p polarized, d depolarized), and 
I infra-red activity. The I fundamentals of species B' will have marked FQB 
band structures. 
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Fig I. —The infra-red spectra of borazole, fST-trimethyl borazole, ammodimethyl- 
borine and trimethylamine-borine in the range of 7000-400 cnL~^ All spectra 
taken in the vapour phase with a cell length of 10 cm., pressures are shown 
in millimetres of mercury. 

Selection Rules for Combination Bands. —As there are no funda¬ 
mentals of species Ai^, this species is omitted in the following multiplication 
table: 


jm 



TABLE II.— Selection Rules for Combination Bands of Borazole 

{ D ^ Model) 


A^ 

^1' 

A,' 

A2" 

E' I 

E" 



Ai' 

— 

— 

— 

AJ' 

Af 



— 

— 

E^ 


E" 

A,'+A/+E' 

— 

E" 

E" 

E" 

E' 

Ai"+At"+E" 

Ai'+A,'+E' 


Combinations having the species A/ or E' are allowed in the infra-red. 
Hence the allowed combinations are : 

A ^ A^^ ^ A A * E* = E' 4 * E* = E* A^ E*^ = E^ 

£'*= . E" = At"(-^A[’^+E")~E". E" = E'l+Ai'+At') 

The combinations of species E' will have PQR contours, like the cor¬ 
responding fundamentals. 
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Assignment op Fundamentals* —^The following assignment is essen¬ 
tially that of Crawford and Edsall. Our data have been taken for the 
range above 500 cm."^ in the infra-red and their data for the Raman 
bands. 


TABLE III. —^Assignments or Fundamental Frequencies of Borazole 
Frequencies in cm.“^ 


Species 

Infra-red 

Raman 




851 (6p) 



— 

938 ( 7 P) 



— 

2535 ( 9 P. vb) 



— 

3450 (lOp) 

E' . 

519 1 

[I) 

519 {3d) 


718 \ 

[5. PQR) 

708 (I) 


918 ( 

[15, 1. PQR) 



1465 { 

[loo, PQR) 

1465 (i) 


1605 1 

[0-1, PQR) 



2530 \ 

(30) 

-(h) 


3490 1 

[100) 

-(h) 


(Calculated values are available, but these are not too reliable.) 



— 

288 (2b) 


— 

798 (2) 


— 

1070 (5d) 

w 

415 (3. C. and E.) 

— 


649 (2, PQR) 

— 


1088 (i«5, PQR) 

— 


PQR indicates branches observed; i = band shows strong isotope 
efiEect; b = broad; vb = very broad; figures in brackets in infra-rep 
column are rough relative values ol extinctions of maxima, in Raman 
column figures are C. and E.*s estimates of intensity; h = hidden by A^' 
fundamentals. 

The 3490 cm.*“i band is clearly an NH stretching mode. Its value is 
appreciably greater than the value of ca. 3350 cm.-^ for amines or 3337 
cm.-i in ammonia. This is probably mainly due to the positive nature 
of the nitrogen atoms though possibly a small portion results from the 
aromatic nature of the bond in the same way that aromatic CH has a 
slightly higher frequency than alkyl CH. The intensity of this band is 
extraordinarily high, the extinction being about a hundred times as great 
as that of the corresponding band in ammonia. Its overtone at 6880 cm.-^ 
is also very strong, appearing with 50 % absorption at 100 mm. pressure 
in a path length of 10 cm. Bands of this intensity are only observed with 
very strongly polar compounds. 

The next strong band at 2530 cm.-^ is the BH stretching mode. It is 
single as required and not double as for terminal BHj in diborane or 
aluminium borohydiide,® or in MejNBH, (reported here). Its frequency 
is close to the value which from the analysis of these compounds we as¬ 
sociate with a single (2 electron) BH bond. Its intensity though not quite 
as great as that of the NH band is still very high and about equal to the 
corresponding bands in aluminium borohydiide where the binding is 
considerably ionic in character. The 1465 cm.~i frequency is a ring 
vibration (B, N deformation in which the differently charged atoms move 
relative to one another). In view of the positive charges on the nitrogen 
and the negative ones on the boron it is not surprising that this is the 
strongest band in the spectrum. The band 9i8cm.“i is an NH, BH 

® Price, J. Chern. Physics, 1949, 17, 1044. 
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in-plane bending mode as also is the band at 718 cm."^. The numerous 
other bands represent weak fundamentals and combination bands. For 
example, the 649 cm.“^ fundamental is an out-of-plane bending mode in 
which the BgNs hexagon moves against the He hexagon. This may be 
expected to be relatively weak because of the compensation of the positive 
charges on the nitrogen atoms by the negative ones on the boron atoms 
and also that of the positive hydrogens attached to the nitrogen atoms by 
the negative hydrogens attached to the boron atoms. The weakness of 


TABLE IV. —^Assignment of Combination Bands 


Frequency 

Intensity 

Assignment 

Symmetry 

567 

(0*02) 

288-4-288=576 

£' l + A ,'+ A ,') 

789 

(O-I, PQJt) 

1088—288=800 


986 

(o' 5 ) 

7184-288=1006 

^*"(+^r+£") 

1175 

1 (0-2 PQP) 

918-1-288=1206 

,, 

1310 

{0-2 PQR) 

— 

— 

1360 

(i-o) 

10704-288 = 1358 


1410 

(20) 

718-1-718 = 1436 

E '(+ A ^+ At ') 


and/or 

519+918=1436 


i !>35 

(o-l) 

9184-938 = 1856 

E' 

1865 

(0-2) 

10704-798 = 1868 

E ' t -^ A ^+ A ^') 

2000 

(0-15) 

1088-1-918=2006 

E ' 

2144 

(0-4, PQS) 

1070-1-1070=2140 

■E'(+^i'+^.0 

2158 

(0-4, pgp ) 

1070-1-1088=2158 

E' 

2197 

(O-I. PQR) 

14654-718 = 2183 

E '[+ A {+ A ^') 

2400*1 

( 5 ) 

1465+938=2403 

E ' 

2408/ 

( 5 ) 

1605-1-798=2403 


2493 

(10) 

— 

— 

2522 

(20?) 

1605-4-918=2523 

E '(+ A^'fAA 


or 

14654-1070=2535 

A ,' i + A ,'+ E ") 

2592 

(*5) 

14654-8514-288=2604 

A ^"{+ A ,'^+ E ") 

2668 

(3 peJi ) 

1070 -f 1605=2675 

\ 

»* 

2734 

(0-01) 

3450-718=2732 

E ' 

2743 

(O-OI) 

2490—718 

E '{+ A ^'+ E ") 

aOUJL I 

2810 > 

(8) 

2530-4-288=2818 

A /'{+ Ai "+ E ") 

2830J 




2931 

(o-s.PQR) 

1465-1-1465 = 2930 

Ei (+ A ,'+ A ,') 

3985 

(0-6) 

25304-1465 = 3995 

99 

4*33 

( 0 - 3 ) 

25304-1605=4135 

99 


or 

34504-718=4168 


4^74 

( 0 - 4 ) 

34904-798=4288 

A/'{+A^"+E") 

4305 

( 0 - 5 ) 

34504-918=4368 

E' 

4765 

{0-2) 

— 

— 

4850 

( 0 - 3 ) 

3490+1465=4955 


4965 

( 0 - 4 ) 

2530+2530=5060 



or 

2530+2535=5065 

E' 

6000 

( 0 - 3 ) 

34904-2530=6020 

E' 

6880 ! 

(l-oj 

3490+3490=6980 

E'(+A^'+A/) 

j 

or 

3450+3490=6940 

E' 


the 519 and 1605 bands is to be attributed to the fact that the correspond¬ 
ing modes in benzene are only Raman active while those of the 415 and 
1088 are inactive.* All the combination bands which would be expected 
to appear are found and the spectrum is generally in very good agreement 
with the Dsfc model for borazole. 

Band Envelopes. —The contours of many of the bands are of a simple 
P, Q, B type, the separation of the P, JR maxima being about 27*5 cm.-^ 
and corresponding to a moment of inertia about an axis in the plane of 
the molecule. Similar contours are obtained for benzene in the vapour 
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phase where the separation is 28 cm.-^ • and also for 1:3: 5-trifluoro- 
btnzcne (reparation 15 cm.-^).’ The band at 649 cm.presumably 
corresponds to the benzene parallel band at 671 cm.“^, and, like the 
latter band, has a strong Q branch. The analogous band in trifiuoro- 
benzene, at 871 cm.”^, has a similar contour. 

Bands which correspond to modes in which the boron atoms move 
appreciably against the nitrogen or hydrogen atoms should show the 
isotope effect. With a ratio of 1/4, the relative abundances of 

the four molecules Ba^NsH*. B^oBai^NsHe. Ba^oBiiN^He and 
are in the ratios 50 : 40 : 10 : i. The 918 cm.-^ (900-935) band appears 
to show the isotope effect though the band structure is complicated by the 
presence of the P and R as well as the Q branches of the isotopic bands. 
The Q branch of the Ba^^NsHe molecule, appears at 918-5 cm.“i. A 
slightly weaker Q branch at 928*4 cm.~i may be attributed to the 
B^oBa^^NgHe molecule. The Q branches of the molecules containing 
B^^Bg^® and B3I® are apparently too weak to show above the P and P 
branches of the two more abundant molecules. The isotopic separation 
IS about what is expected for this vibration.* An alternative explanation 
of the structure of this band is to attribute it to splitting arising from 
Fermiresonance with the combination band 519(P') + = 934 (jE'). 

This seems equally probable to the explanation in terms of the isotope 
effect. Many of the combination bandLs show structure which might be 
interpreted as an isotope effect but the situation is usually complicated 
by the presence of a number of allowed combinations occurring in the 
same range. 

N'-Trimethyl Borazole. —In spite of the fact that this material has a 
vapour pressure of only 12 mm. at 25® C, the absorption is so strong that 
it was possible to obtain a large number of bands -with a 10 cm. cell. For 
the stronger bands pressures of only i mm. were required in this cell length 
(Fig. i). Starting at the high frequency end we have the bands of the 
CH3 group in the 3000-2800 emr^ range appearing at moderate strength, 
ca, 50 % absorption at pressures of 8 mm. These are followed by a band 
at 2485 cm.“^ which is clearly the BH stretching mode. This is very much 
weaker than the corresponding band in borazole, equivalent pressures of 
25 mm. in a 10 cm. path being required for a peak: absorption of 50 %. 
The great reduction in intensity relative to the same mode in borazole is 
probably to be connected with polarization effects in the surrounding 
methyl groups. 

The region 1500-1200 cm.~^ contains a number of bands of which those 
at 1498 and 1383 cm,“i correspond to CH3 and CH3 deformation vibrations 
respectively which normally occur around 1450 and 1375 cm.-^ in hydro¬ 
carbons. The increase may arise from the proximity of the intermediate 
hydrogen atoms (in liquid mesitylene ♦ the values are 1443 and 1377 cm.“*^. 
Other strong bands at 1425, 1342 and 1294 cm."^ arc probably ring vibra¬ 
tions analogous to the 1465 cm.-^ band of borazole. The bands correspond¬ 
ing to in-plane deformation modes of the BH bonds (918 and 718 m bora¬ 
zole) are expected to move to higher frequencies due to larger repulsions 
from the methyl groups as in the alkyl benzenes and are thus probably 
to be associated with the bands at 1107-5 and 1056*2 cm.-^ in trimethyl 
borazole. The 894 *4 cm.“i frequency is no doubt an out-of-plane vibra¬ 
tion similar to the 835 cm.-^ band in mesitylene. The 672 cm.-i band is 
^o probably analogous to that at 687 cm.“i in mesitylene. The following 
is a fist of the frequencies of the observed bands, their intensities are best 
judged from the spectrum in Fig. i : 

4600, 4350, 2989, 2938, 2885, 2495, 2397, 2386, 2275, 2160, 1498, 1425, 
13S3, 1342, 1294. ii^ 3 » 1107, 1056, 894. 672. 

• B^ey, Hale, Ingold and Thompson, J, Ch&m, Soc.^ 1936, 931. 

^ Nielsen, Ching-Yu Liang and Smith, this Discussion, 

• See A.FJ, Specirogram 1104. 
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Aminodimethylborine (MejNBHa).—^This compound again has strong 
absorption bands and some of its main features can be interpreted fairly 
simply. In the 3009-2800 region we have the absorption charactcrittic 
of the methyl groups. Compared with the corresponding bands in iso¬ 
butene t they are shifted slightly to lower frequencies and are intensified 
by a factor of about 10. It appears likely that these facts are consistent 
\vith the \vithdrawal of some negative charge from the methyl groups. 
The absorption in the 2400 cm.-^ region is quite characteristic of the 
terminal BHa group. It consists of two strong bands at 2447 and 2369 
cm.“i These are clearly analogous to the band pairs in diborane at 
2614 and 2522 cm.“i or in aluminium borohydride ® at 2559 and 2493 cm.~^. 
The strength of these bands is much greater than that of the 2495 cm.-^ 
band in trimethylborazole and is of the same order as that of the cor¬ 
responding bands in aluminium borohydride and borazole. Bands at 
1467 and 1340 cm.”^ are associated with the usual CHg and CH3 vibrations. 
Of the remaining bands correlations with other borohydride spectra ® 
indicate that the strong band at 1156 cm.is the in-plane deformation 
vibration of the BH* group and that at 964 cm.-^ corresponds to the 
out-of-plane mode (1175 and 974 in BaHe and 1114 and 978 in A1(BH4)3 
respectively). The absence of Raman data prevents further speculation 
on the nature of the other bands. One of the remaining strong bands 
should be associated with a valence vibration of the BN bond. Judging 
from the force constants calculated for borazole by Crawford and Edsall * 
this is probably to be indentified with the 1193*5 cm.“^ band. 

The following is a list of the frequencies of the bands observed for this 
substance : 4300, 4180, 3013, 2962, 2932, 2861, 2813, 2447, 2369, 2225, 
1467, 1340, 1240, 1209*6, ii93‘5» 115^. 1054, 1046, 966*5, 961, 853, 

795. The intensities are best judged by reference to the spectrum given 
in Fig. I. 

t£imethlyamine-Borine (MesNBHa). —^Because of the low vapour 
pressure of this substance, which is a crystalline solid, it was only possible 
to bring out a few of the strongest bands with a heated cell. The CH 
stretching bands in the 2900 cm.~^ range warrant no comment. The 
BH stretching band occurs at 2390 cm.“i which is to be compared with the 
value 2440 cm. found for the corresponding band in the somewhat 
related compound • borine carbonyl H5BCO. The band at 1178-1169 cm. 
is by comparison with the spectra of the other borohydrides (ref. (5), 
Table III), a deformation mode of the BH, group. In borine carbonyl 
this vibration has a frequency of 1091 cm.“^, in the latter spectrum this 
is interpreted as a BH , rockmg mode. The higher value in trimethylamine- 
borine is no doubt due to repulsion from the methyl groups. A further 
band at 818 cm.-^ has a counterpart in borine carbonyl at 809 cm.-^ 
As in the latter spectrum this is interpreted as a BH, rocking mode. 
The frequencies of the bands observed in this spectrum (Fig. i) are 3055, 
3030, 3010, 2965, 2945, 2930, 2390, 2278, 1260, 1178, 1169, 1120, 1010, 
905-5* S94* S73, 818 and 773 cm.-i. 

In conclusion we should like to acknowldge our indebtedness to Prof. 
H. I. Schlesinger’s Group at the University of Chicago for the preparation 
of the substances investigated and to Prof. R. S. Mulliken for exciting our 
interest in the problems of their structures. Financial assistance for the 
work was supplied by the U.S. Ofi&ce of Naval Research, the Department 
of Scientific and Industrial Research and the Medical Research Council. 

King's College, Manchester Univarsity, 

London, W,C, 2. 

Spectrograms 378 and 912. 

® Pnce, /. Chem, Physics, 1948, 16, 894. 

» Cowan, ibid,, 1950, 18 (in press). 



INFRA-RED SPECTRA OF ORGANIC 
THIOPHOSPHATES 


By R. C. Gore 
Received list August, 1050 

In connection with bome Company research, it became of interest to in¬ 
vestigate the infra-red absorption of over one hundred organic thiophosphates 
and related molecules. The regions of particular interest were those of the 
characteristic mfra-red absorption for the P O, the P -> S, and the C-—S—P 
linkages which could furnish spectroscopic evidence for the presence of those 
groups in molecules of doubtful structure It was thought probable that the 
P O and P — S linkages would exhibit sufficiently characteristic absorption 
to be recognizable but that the C—S—P hnkage might prove to be less char- 
actenstic. 

The Absorption Frequencies of P -> O and P S.—In order to under¬ 
stand the nature of these co-ordinated covalent bonds, it is, perhaps, 
worth while to review what has been learned about them in simpler mole¬ 
cules such as P4O10 and P4O6S4. Electron diffraction studies ^ of 
P4O10 and P4O6S4 indicate that the structures belong to the tetrahedral 
pomt group Ta with the following geometry : 


O S 



The P—O and P—S distances of i*6i A and 1*85 A are both less than the 
usual covalent single bond distances of 1*76 A and 2*14 A as reported by 
Pauling and Higgins foi these pairs of atoms. The co-ordinated covalent 
P ->0 and P~^S distances in various other compounds closely related to 
these molecules are shown to be the following : 


Compound 

P-j-O 

Compound 

P-+S 


A 


A 

P 4 O 10 

1*39 

P40,S4 . 

1-85 

POQa . 

1*58 

PSOj . 

1*94 

POFCI4 . 

1*54 

PSF3 . 

1*85 

POF^a . 

1*55 

Covalent 

2*14 

POF3 . 

1*5^ 


Covalent . 

1-76 




These distances indicate that the P->-0 and P-^S bond t3rpes in the mole¬ 
cules containing three oxygen atoms attached to the phosphorus atom 
are of an unusual class. The usual C=0 distance is i*i to 1*3 A. 

1 Stosick, /. Amer, Chem, Soc,, 1939, 61, 1130 
* Hampson and Stasick, ibid., 1938, 60, 1814. 
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The O—P—O valence angle a of ioi'5o is close to the X—P—Y 
angle found in the following compounds : 

Compound X—P—^Y angle 

PClj.loi® 

PBra.ioo° 

PFClg . .... 102° 

P(CH*)3.ioo° 

The increase of this angle from 99° in P4O6 to iot' 5® in P40io and 
P4O4S4 indicates that the increased co-ordination of the phosphorus 
atom from 3 to 4 tends to make the valence angles approach the tetra¬ 
hedral value of 109° 28' as is found in the trivalent PO4 ion. As the 
number of oxygen or sulphur atoms around the phosphorus is increased 
from 3 to 4 the hybrid band orbitals formed by the linear combination 
of the spherically symmetrical s and the cubically symmetrical p oibitals 
tend to have less of the p orbital character and to approach the hybrids 
having the maximum bond-forming powei or the usual $p^ tetrahedral 
orbitals. 

Empirical Rules for Relating Intemuclear Distances and Force 
Constants.—In order to estimate the spectral region in which the P -^0 
and P->S absorption might occur it is necessary to obtain some idea of 
the value of the force constant between the atom pahs. With such 
knowledge it is possible to calculate the spectral region in which the ab¬ 
sorption should occur using the equation for the simple harmonic oscillator : 

w(cm.-i) = i^ojy/klfjL, 

where v is the frequency in cm.~^, 

(I is the reduced mass of atom pair, and 
k is the force constant x io“* in dynes/cm. 

There are, among others in the literature, two appioximate rules for 
expressing the relationship between intemuclear distances and the force 
constants. The earlier of these, Badger’s rule,® gives an obviously high 
value for the P ->-0 force constant while for the P->S link a value of 
3*03 X 10, dynes/cm. is of the right order of magnitude. A more recent 
expression, Gordy’s rule, is ^ 

k = 1*67 + 0*30, 

where k is the force constant x lo”® dynes/cm., 

N is the order of bond (effective number of covalent or ionic bonds 
acting between the two atoms considered), 

is the electronegativity of atoms A and 

d is the intemuclear distance in A. 

The application of this rule gives the following values of the force con¬ 
stants using a bond order of 2, a P—O distance of 1*39 A, and a P—S 
distance of i'85 A : 

^p-9-o = 9*30 dynes/cm., 

^p-yS = 5’^4 X 10® dynes/cm. 

Using these values in the equation for the harmonic oscillator the 
following frequencies are obtained : 

wp-^o = ^221 cm.-i, 

= 725 cm.-i. 

* Badger, /. Chem. Physics, 1934, 2, 128 ; 1935, 3, 710. 

^ Gordy, ibid., 1946, 14, 305. 


rP == 2-1 
B-{ S = 2-53 and 
lo = 3-45 
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Using an intemuclear distance of 1*58 A for P—O the Gordy rule 
force constant is 7-65 x 10® dynes/cm. with a stretching vibration at 
II 12 cm.“^. The vibrational frequencies appear to be : 

Using Badger’s Rule Force Constants— Gordy's Rule Force Constants— 

vp-j.0 obviously too high. *^p-+0, 1*38 A = cm.-i. 

"P->S = 574 cm.-i. 1.39 = 1221 cm.-i. 

= 752 cm.-i. 

From these values it appears as if the stretching frequency for the 
P-^O linkage could occur in the region 1100-1300 cm."^ and for the P->S 
hnk in the region 550-750 cm.“^. It should be emphasized, however, 
that when the mass of the involved atoms is large as compared with 
the force constant the position of the absorption frequencies may not be 
as characteristic as with hghter atoms. The effect of the other structure 
of the molecule may be readily reflected in shifts in the position and changes 
in the character of the absorption frequencies. 

A check through the hterature reveals that up until 1950 practically 
no phosphorus bearing molecules had been studied in the infra-red region. 
Thompson and Meyrick® report that the P =0 stretching vibration ab¬ 
sorption occurs between 1250 and 1260 cm.“i. Raman studies ^ « have 
been made on POClj and PSCl,, however, in which the frequency associ¬ 
ated with the parallel stretching of the P—O or P—S bond occurs at 
1292 and 748 cm.-i, respectively. 

Accordingly then, with the aid of the approximate relations between 
intemuclear distances and force constants and Raman studies on simple 
molecules, it was thought to be worth while to attempt to determine 
experimentally the position of the P ->0 and P->S absorption studying 
the regions 1100-1300 cm.-^ and 550-750 cm.-^ in particular for the 
respective groups. 


Experimental 

Most of the infra-red spectra have been obtained on a Perkin-Elmer spectro¬ 
meter equipped with NaCl or KBr prisms and strip chart recording. Solid 
samples have been prepared by mulling with white mineral oil in order to reduce 
interfacial scattering. Liquid samples were usually observed in cells of ap¬ 
proximately 0-01 mm. thickness similar to those described by Colthup.* Most 
of the spectra shown in the Figures vrere made from the instrument recordings 
by a careful measurement of the absorption frequencies and a visual estimation 
of the percentage transmission at those frequencies. 

The samples of the various orgamc materials "were made by many workers 
in the Research Division of the Stamford Research Laboratories. Most of 
them are thought to be of reasonable purity and identity from their other 
physical and chemical properties. It is to be expected, however, that a number 
of the samples are mixtures of molecules and isomers if for no other reason 
than the complexity of the preparation and purification problems found with 
this class of compounds. 


Results 

The infra-red spectra of a number of molecules containing the P *->0 and 
P-*-S links are shown in Fig. i, 2 and 3. The spectra of PaOBfP40io) and 
Pj5S4(P4Sio) shown m Curves i and 2, Fig. i, are those obtained from these mole¬ 
cules in the sohd phase. Interfacial hght scattering has made it necessary to 
reduce the sample thickness to such an extent that the absorption bands are 

® Meyrick and Thompson, J, Chem, Soc., 1950, 225. 

•Wu, Vibrafiorud Spectra and Structure of Polyatomic Molecules (Peking, 

1939), P. 243. 

^ Kohlrausch, Raman Spektren (Edwards Bros., Ann Arbor, 1943), p. 142. 

® Herzberg, Infra-red and Raman Spectra (Van Nostrand, New York, 1945), 

P. 314. 

» Colthup, Rev, Sci. Instr,, 1947, ^4- 
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rather weak. P2O5 has an absorption band near 1280 cm.-^ which is absent 
in PjSj and can be assigned to the P O linkage inasmuch as it lies within the 
calculated range (shown by cross-hatching in the Figures). The absorption 



WAVS mms/t, 
Fig. I, 



near 530 cm. or near 690 cm.-i in P3S5 may be caused by the similar vibration 
m this molecule. 

In the comparison of POQ3 and PSCI3, Curves 3 and 4, using the literature 
values for the Raman lines at 1292 and 748 cm.-i as guides, it can be seen that 
the POa* molecule absorbs strongly near 1290 cm.-^ while the PSQ, does not. 
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The latter molecule absorbs strongly near 750 cm.-^ while the former has no 
absorption. In this pair then it appears probable that the P -^0 link absorbs 
near 1290 cm.-^ and the P->S near 750 cm.-^. 

The spectra of triethyl phosphite and triethyl phosphate are shown in 
Curves 5 and 6. There is little chance to misb the strong absorption band near 
1275 cm.-i which, on the basis ot the accumulating evidence, may be assigned 
to the P -->-0 stretcliing vibration. On thinning the preparation of the phosphate 
the 1275 cm.-^ band is resolvable into the doublet shown by the dotted line 
with absorption maxima at 1265 and 1277 cm.-^. Inasmuch as there appears 
to be evidence in the Raman literature indicative of an absorption band near 
1290 cm.“^ associated with the ethoxyl radical, this doublet may be caused by 
the presence of both the C^HgO and P->0 groups in the molecul'e. 

The spectra of the diethyl dithiophosphoric acid and its potassium salt 
are show-n in Curves 7 and 8 of Fig. i. In Curve 7, the spectrum of the free acid, 
the mercapto group stretching vibration absorbs near 2500 cm.~^, the ethoxyl 
group near 1295 cm.“^ and the intense absorption near 650 cm.-^ may be the 
P->S stretching vibration. When the hydrogen atom is replaced by a potassium 
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the 2500 cm.”^ S—band disappears and there are slight shifts in the ethoxyl 
and P-j-S bands. 

The spectrum of the potassium salt of the diethyl monothiophosphoric acid. 
Curve 9, exhibits several interesting features. The solid phase run, indicated 
by the solid line, shows no evidence of the P-^0 stretching vibration near 1300 
cm.”^. When this material is dissolved in water and observed, absorption near 
1290 cm. is found, shovm in the broken line of Curve 9. This absence of possible 
P-#-0 absorption in the solid phase spectrum with its appearance in the solution 
(ionized) spectrum is indication of the potassium atom being attached to the 
oxygen. This interpretation is in keeping with electronegativities of these 
atoms as reported by Pauling,^® S = 2*5, O — 3*5. Absorption bands are also 
found near 650 cm, which may be attributed to the P-»-S stretching vibration. 

Curve 10, Fig. i, of phenyl phosphorus thiodichloride exhibits no abscwption 
between 1250 and 1300 cm.-^ as is to be expected. There are absorption bands 
below 700 cm.-i suf&ciently strong to be associated with the P-»-S link. 

The spectra of diethyl chlorothiophosphate and diethyl chlorophosphate, 
Curves ii and 12, Fig. i, substantiate the assignment to the P -»-0 linkage of 
strong absorption between 1250 and 1300 cm.-^. In the thio compound the 
1290 cm.-^ absorption may be associated with the ethoxyl radical. In the 

10 Pauling, liaiure of the Chemical Bond (Cornell, 1939), P- 64* 
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phosphate the strong 1290 cm.-^ band may be resolved into a doublet (in CCI4 
solution) as indicated by the broken line. This permits the assumption that the 
doublet is caused by the ethoxyl and P ->0 linkages. 

The spectra of the oxjgen analogue of parathion and parathion itself (O, 
0 -diethy] 0 -^-nitrophenyl thiophosphate) are shown in Curves 13 and 14 of 
Fig. 2. Observing the cross-hatched region it is easily seen that the oxygen 
analogue exhibits intense absorption near 1290 cm.-^ which is absent in para¬ 
thion. The parathion does show slight absorption near 1290 cm."* which may 
be attributed to the ethox^d radical. This band may be obscured in the oxygen 
analogue by the intense P -*-0 absorption. The equally intense band between 
1200 and 1250 cm."*, evident in both spectra, appears to be associated with a 
P—O'phenyl bnkage. Both molecules exhibit weaker bands below 700 cm.-* 
where the P->S link may be expected to occur. 

The spectra numbered 15, 16, 17 and 18 of Fig. 2 are those of a series of 
diethyl phenyl phosphates with from none to two sulphur atoms. It appears 
that intense absorption between 1250 and 1300 cm.'* occurs only when a P 0 
linkage is present such as occurs in Curves 16 and 18. The S-phenyl compound 
^Curve 17) does not exhibit the intense band between 1200 and 1250 cm.-* 
which ha,s been mentioned in connection vdth the P— 0 -phenyl grouping. 
Again no intense bands attributable to the P-^S linkage are found below 700 cm. -* 
although Cur\Te 17 has an intense band near 650 cm.-* 

Curves 19, 20 and 21, Fig. 2, are the spectra of a similar series of diethyl, 
/)-tolyl phosphates. Again the P ->0 link appears to absorb between 1250 
and 1300 cm.-* while no clearly defined P-^S absorption is evident. The di¬ 
sulphide, Curve 21, shows some absorption with multiplet character in the 
region which is probably not all caused b^ ethoxyl but could be the result of 
ox\’gen bearing impurities. This molecule also exhibits a rather intense band 
near 650 cm.-* as do many other disulphides. 

The spectrum of the triethyl thiophosphate, Curve 22, shows several minor 
bands betwwn 1250 and 1300 cm.-* perhaps attributable to the ethoxy radical 
and impurities, as well as a fairly intense doublet between 600 and 650 cm.-* 
which could be absorption by the P->S link. The S-ethyl isomer, Curve 23, 
again shoves strong 1255 cm.-*, P ~>0 absorption. 

Curves 24, 25 and 26, Fig. 3, are obtained from thiophosphates containing 
no phenyl ring. Only in Curve 25, which has the P ->0 link in the molecule is 
found intense absorption in the marked region. It should also be noted that 
these aliphatic molecules show no inteose band between 1200 and 1250 cm.-* 
which has been suggested as being caused by the P— 0 -phenyl grouping. 

The spectra of the ortho-rntro isomer of parathion and its oxygen analogue 
are shown in Curves 27 and 28 with the usual results. Again an intense band, 
slightly higher in frequenc}’^ than in the />^?r£?-isomers but below 1250 cm.-* 
may be associated with the P— 0 -phenyl structure. 

Conclusions.—^A preponderance of evidence indicates that the P ->0 
linkage absorbs strongly in the region 1250-1300 cm.-*. The P-^S link 
appears, in general, to be a weak and poorly characterized absorber in 
the infra-red spectral region. 

The author wishes to express his appreciation to the members of the 
infra-red spectroscopy group both past and present for obtaining many 
of the spectra shown here. He also wishes to thank the members of the 
Research Division of these Laboratories for preparing the samples and 
to the Directors of the Stamford Research Laboratories for permission 
to publish the results. 

Stamford Research Laboratories, 

American Cyanamid Company, 

Stamford, Connecticut, 
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Infra-red spectra in the crystalline state are reported for i : 2-dibroinoethane, 
I : 4-dibromobutane, «-propyl bromide, and w-butyl bromide between 1500 and 
700 cm.”^ ; also for w-bntyl, ii-hexyl and w-octyl alcohol from 1200 to 850 cm.-^. 
All these spectra showed considerable simplification when compared with the 
corresponding spectra of the liquids. The complexity of the liquid state spectra 
is caused by the presence of several rotational isomeric configurations, only one 
of which is allowed in the solid state. The solid state spectra are completely 
analyzed for i : 2-dibromoethane and i : 4-dibromobutane, and are shown to be 
consistent with the presence of a single configuration in the solid state for 
«-propyl and «-butyl bromide. Strong absorptions between 1070 and 880 cm.'-i 
in the spectra of the alcohols in the crystalline state are interpreted as being 
mainly caused by the skeletal stretching modes of the planar zig-zag chain. 

The investigation of the spectra in the crj'stalline state of molecules which 
exhibit rotational isomerism will probably be of general use in the analysis of 
their spectra. Some advantages and limitations of this method are discussed. 


The purpose of this paper is to give a general account of the results 
recently obtained in a study of the liquid and solid state infra-red spectra 
of substances exhibiting rotational isomerism. In the past little progress 
has been made in the interpretation of the spectra of these and similar 
substances mainly because of the complexity caused by the existence of 
several forms. 

Whenever a molecule contains an internal single bond about which 
restricted rotation can occur, various relative orientations of the groups 
or atoms attached to opposite ends of the bond are possible. The number 
and relative concentrations of the different stable rotational isomers repre¬ 
sented by the orientations will depend respectively on the number of 
minima in the potential energy curve associated with rotation about the 
bond, and on Bolt2miann factors involving the energy differences between 
these minima. If, as in ethane, the molecule is sufficiently symmetrical 
about the internal single linkage the different (staggered) configurations 
allowed will be indistinguishable, and the infra-red and Raman spectra 
will show approximately the expected number of fundamentals for a single 
molecular species. If, on the other hand, the configurations have different 
symmetries, as in i : 2-dichloroethane and w-butane, spectroscopically 
distinguishable rotational isomers will be present, each of which will con¬ 
tribute its own set of fundamentals. The large number of Raman lines 
associated with i : 2-dichloroethane in the liquid state initially led 
Kohlrausch ^ to postulate the existence of two such isomeric forms. The 
presence of more than one internal single bond in a molecule can give a 
corresponding increase in the number of rotational isomers. 

Although the various stable configurations will normally be present 
in both the gaseous and liquid states, it often happens that a single isomer 
occurs in the crystalline solid state, and accordingly a simplification results 
from careful freezing of the material. Mizushima and his co-workers * 
were the first to show this effect in a study of the Raman spectra of the 

^ Kohlrausch, Z. physik, Chem. B. 1932, 18, 6r. 

* Mizushima, Morino and Noziri, Sci. Papers Jnst. Phys, Chem. Pes, Tokyo^ 
1936, 29, 63 and z88. 
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I : 2-dihalogeii ethanes in the liquid and solid states, and more recently 
marked spectral simplifications of the same type have been obtained on 
freezing the straight chain paraffins.®* ®» * Both X-ray ’ and spectro¬ 
scopic data show that, in the crystalline state, these molecules take up a 
planar zig-zag configuration. 

The energy differences bet^veen the isomers can be obtained from 
measurements of the temperature dependence of the intensity of groups of 
Raman lines or infra-red bands associated with the several configurations. 
Langseth and Bernstein * first emplo37ed this method using photographic 
Raman techniques, and, more recently. Rank has used a photoelectric 
Raman spectrograph to obtain more accurate results.®* Similar measure¬ 
ments on infra-red bands in the vapour phase have been made by 
Mzushima and Bernstein, i®* 

This short account of recent work shows that spectroscopic methods 
can contribute very extensively to the qualitative and quantitative under¬ 
standing of rotational isomerism. It is equally true that an understanding 
of rotational isomerism can contribute much to the interpretation of the 
spectra of molecules showing this phenomenon. The apphcation of infra¬ 
red and Raman spectroscopy to the solution of the problems of molecular 
structure has recently become much more general by reason of the recog¬ 
nition of group frequencies arising from the \nbrations of small units in 
large molecules. In order to extend this method it is becoming increasingly 
necessary to obtain fairly complete spectral analyses of small and medium¬ 
sized molecules containing the appropriate groupings. Although it has 
not always been clearly recognized in the past, the failure to make such 
analyses of molecules containing internal C—C linkages is due in many 
cases to the additional complexity arising from rotational isomerism, and 
thus until experimental methods are available for distinguishing between 
the frequencies of one isomer and of another little advance can be made. 
Some progress is possible in this direction from a determination of the 
temperature dependence of absorption lines as outlined abo\'e,® but in 
practice the overlapping of bands is such that only the strongest absorptions 
can be attributed to the different isomers in this fashion. An alternative 
and easier method is the study of the solid state spectrum with a view to 
its complete interpretation in terms of the fundamental frequencies of the 
one rotational isomer in the crystalline lattice. 

If only two isomers are expected to be in reasonable concentration, then 
an assignment of the fundamentals of one, the solid state form, may enable 
a corresponding assignment of the other to be made by a comparison of 
the solid and liquid spectra. Alternatively, in more complex cases the 
force fields determined by an analysis of the one spectrum may be suffi¬ 
ciently complete to enable approximate calculations to be made of the 
frequencies of the others, so that they may be identified in the infra-red 
and Raman spectra. 

The method of analysis using solid state data has already been used for 
the partial interpretation of the spectra of i : 2-dichloroethane ® and «- 
butane,®* ® but we feel that it has much wider applications than has pre- 
\nously been realized, especially to the spectra of medium-sized molecules. 
Consequently a programme of infra-red experimental work has been carried 

® Rank, Sheppard and Szasz, J. Chem. Physics, 1949, 17, 83. 

* Sheppard and Szasz, J, Chem, Physics, 1949, 17, 86. 

® Mizushima and Simanouti, J. Amer. Chem. Soc., 1949, 71, 1330. 

® Axford and Rank, /. Chem, Physics, 1949, 17, 430 and 1950, 18, 51. 

’ Muller, Proc. Roy. Soc. A, 1928, I20, 437. 

® Langseth and Bernstein, /. Chem. Physics, 194x, 8, 410. 

® Szasz, Sheppard and Rank, ibid., 1948, 16, 704. 

Rank, Kagarise eind Axford, J. Chem, Physics, 1949, 17, 1354. 

IVIizushima, Morino, Watanabe, Simanouti and Yamaguchi, ibid., 1949, 17, 

591. 

1® Bernstein, ibid., 1949* * 7 » 258, 1® Bernstein, ibid,, 1950, 18, 897. 
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out on selected series of molecules, all of which contain an unbranched 
carbon-carbon chain. On the one hand, a series of fairly simple molecules 
have been chosen, such as the w-propyl and w-butyl halides, and the first 
members of the a,a)-dibromoparaffi.ns, for which it should be possible to 
make fairly complete analyses of the spectra. On the other hand, series 
of long chain molecules were chosen, such as the -paraffins and straight 
chain alcohols. It was hoped to identify in their spectra the skeletal 
stretching frequencies in the region 1400-700 cm.“^, and to separate them 
from the CHa and CH3 deformation modes which also occur in the same 
frequency range. 

In all cases, after suitable cooling techniques had been devised, a 
considerable simplification of the spectra was observed on crystallization, 
and typical results are presented and discussed below for each t37pe of 
compound studied. More detailed experimental and theoretical studies 
will shortly be published elsewhere. The detailed interpretation of the 
spectra of the straight chain paraffins in the solid state is given in another 
paper in this Discussion. 


Experimental 

The infra-red spectra were taken in the frequency range 1500-700 cm. 
using a Perkin-Elmer 12B spectrometer, -with an auxiliary system of mirrors 
before the entrance slit to provide a suitable focus for the low temperature cell. 
This cell was of the simple transmission type and was designed by Dr. A. Vallance 
Jones. It will be fully described elsewhere. Liquid oxygen was used for cooling 
and the cold, dry gas produced by its evaporation was directed in front of the 
cell windows to minimize frosting. The rate of coohng could be varied at will 
over a wide range of temperatures by means of a heating coil wound round a 
copper rod supporting the cell, and the temperature was measured using a copper- 
constantan thermocouple in contact with the thin sell windows. 

The liquid under examination was placed between two silver chloride plates 
separated bV a silver foil spacer. The plates were held in a mount coated with 
silver to prevent contamination. Silver chloride was used in preference to rock 
salt on account of its mechanical stability to rapid temperature variation, al¬ 
though it had the disadvantage of higher reflection losses. Owing to the softness 
of the plates it is not possible to quote accurate values for the thiclmess of samples. 

The procedme followed was that of first recording the spectrum of the liquid 
at room temperature (or at low temperatures for the volatile propyl halides) and 
then cooling dowm to the freezing point and allowing the material to freeze. 
The alkyl halides and lower freezing point alcohols when subjected to this treat¬ 
ment gave glasses, which were recognized by their high transmission and by the 
similarity of their spectra to that of the liquid. On allowing the glass to warm 
up from liquid air temperatures a visible transition to the crystalline form took 
place, and a marked modification of the spectrum was observed. The spectra 
obtained for w-butyl bromide at various stages of this sequence are shown in 
Fig. I. They will be discussed further below. It is probable that the cooling 
of the glass favoured the formation of a few crystalline nuclei which increased 
in number as the temperature was lowered. On w'arming, the relaxation time 
of the molecules w^as sufficiently reduced to allow the rapid crystallization of the 
mass of material, seeded by these nuclei. When crystals were obtained in this 
manner a number of absorption bands, presumably those of the non-planar 
isomers in the amorphous material, were greatly reduced in intensity, only small 
residues remai n i n g. A further reduction took place on re-cooling the solid down 
to the temperature of liquid oxygen. These temperature dependent residues 
are marked \^ith small arrows in the figures to distinguish them from weak bands 
of the crystalline isomer. The methylene halides and «-paraffins did not give 
glasses but crystallized at the freezing point. In these cases many of the strong 
bands of the liquid completely disappeared on crystallization. 

Owing to the large amount of radiation scattered by the crystalline solid 
the intensities of the absorption bands could only be ^timated. It was as¬ 
sumed that the percentage absorption could be measured from the fiat portion 
of the recorder trace in the vicinity of each band. Hence it is important to note 
that the intensities of the low temperature solid bands are of relative significance 
only, and cannot be compared quantitatively with those of the liquid spectra. 
In a few cases small variations in the relative intensities of bands of the solid 
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fonns were noted from different runs. This effect appeared to depend on the 
thickness of the sample. A possible cause is that the crystalline material was 
preferentially orientated, and in doubtful cases further studies are planned using 
polarized ra^ation. 



Fig. I. —^The infra-red spectrum of «-butyl bromide {a) in the liquid state, (b) as 
a glass, and (c) in the crystalline state. Approximate thickness : 0*05 mm. 


Materials. —Alkyl Halides. —^These were obtained from two sources, viz. 
B.D.H, Ltd. and L. Light & Co., the latter claiming a purity of 95-99 %. 
They distilled at the following temperature : 

w-propyl bromide 71® C ; w-butyl bromide 101*5° C. 

1 : 2-Dibromoethane, B.D.H. Ltd. and Judex Chemicals; distilled at 

131*5® c. 

1:4-D1BROMOBUTANE, B.D.H. Ltd. and L. Light & Co.; distilled at 110° C 
under 60 mm. Hg. 

Alcohols 

w-Butyl Alcohol: B.D.H. Ltd.; b.p. 117*5® C, 

w-Hexyl Alcohol: L. Light & Co. and Messrs. Boake-Roberts ; b.p. 157° C. 
»-Octyl Alcohol: Messrs. Boake-Roberts ; b.p. 195® C. 

All samples were fractionated twice, the middle fraction only being used. 
The compounds obtained from more than one source gave identical spectra, both 
as liquids and as solids. The spectra are shown in Fig. i to 5, and the absorption 
frequencies are given below. 

m-Butyl Bromide 

Liquid : 742 (s), 779 (m), 797 (m), 864 (s), ca . 890 (w), 912 (m), 969 ( m ), 
998 (m), 1017 (m), 1051 (m), 1103 (m), ea . 1165 (w), 1188 (w), 1216 (s), 1262 (s), 
1290 (s). 1298 (s). 1355 (w). 1373 (s), CO. 1430 (s), CO. 1460 (s). 

Solid : 742 (s), ca . 750 (m), 894 (m), 905 (m), 1017 ( m ), 1051 (m), 1056 (m), 
1107 (m), 1158 (w), 1173 (w). 1215 (s), 1275 (w), 1299 (s). 1360 (m), 1376 (m), 

1433 (m). ett- 1465 (s). 


«-Propyl Bromide 
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I ; 2 -Dibromoethane 

Liquid : 750 (m), ca. 775 (m), 834 (s), 894 (®). 1018 (w), 1090 (m), ca. 1105 (m), 
1192 (s), 1248 (s), 1278 (m), 1430 (s). 

Solid : 745 (m), 776 (m), 1095 (m), 1192 (m), 1435 (m). 

I : 4 -Dibromobutane 

Liquid : 742 (s), 759 (s), 800 (m), 846 (w), 868 (m), 914 (m), 967 (m), 1008 (mL 
1040 ^w), 1061 (w), 1103 (av), 1146 (w), 1170 (m), 1195 (m), ca. 1230 (s), ca. 1265 (s). 
1435 (s). 

Solid: 752(01), 759(111), 869(111), 1008 (s), 1096 (w), 1171(1x1), 1258(5), 
ca. 1295 (s), 1310 (m), 1433 (m), 1440 (m). 

Alcohols : »-Butyl Alcohol 

Liquid : 878 (w), 901 (01), 951 (s), 989 (s), 1008 (s), 1030 (s), ca. 1040 (s), 
ca. 1070 (s), 1115 (s). 

Solid : 894 (m), 903 (m), 996 (s), 1041 (s), 1067 (s), 1162 (m). 

;i-Hexyl Alcohol 

Liquid : 889 (m), 920 (s), 962 (w), 1017 (s), ca. 1060 (s), 1121 (s). 

Solid : 884 (m), 891 (m), 994 (s), 1019 (s), 1029 (s), 1040 (s), 1057 (s), 1065 (s), 
1159 (m). 

^i-OcTYL Alcohol 

Liquid : 889 (m), 955 (ra), 990 (s), ca. 1060 (s), ca. 1075 (s), 1122 (01). 

Solid : 886 (m), 948 (m), 989 (m), 998 (s), 1040 (s), 1056 (s), ca. 1066 (m), 
1071 (s), 1162 (m). 

(s == strong; m = medium; w = weak) 


Discussion 

I; 2 -Dibromoethane.—^TLe infra-red spectrum of the imm form of 
this molecule in the solid state is shown in Fig. 2&. Many extra absorption 
bands occur in the spectrum of the liquid (Fig. 2a) which are caused 



Fig. 2. —^The infra-red spectrum of i : 2 -dibromoethane in (a) the liquid, and 
(&) the crystalline state. Approximate thickness : 0-06 mm. 

by the vibrations of the gauche form. Similar spectra have recently been 
obtained by Mizushima and his co-workers, and our results are in fair 
agreement with this earlier work and with that of Cheng and Lecomte 
on the liquid spectrum only. A few medium or weak absorptions not 
observed by the above authors have been detected in the present work. 

The infaa-red spectrum in the solid state, when taken in conjunction 
with the earlier Raman work,” completes the vibrational spectra in the 
region 1500-700 cm.-^, and thus it is now possible to make a complete 
assignment for the trans form between these limits. This C** isomer of 


” Cheng and Lecomte, /. Physique Rad., 1935, 6, 477. 
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I : 2-dibromoethaiie will have 18 fundamentals, and because the molecule 
has a centre of symmetry, 9 of these will be infra-red active and 9 Raman 
active vibrations. The infra-red modes comprise 4 of symmetry and 
5 of symmetry The Raman active modes are made up of 6 of type 
Ag and 3 of type Bg, In the frequency range 1500-700 cm.-^ only 4 
infra-red active fundamentals are expected {A^ CHj twisting and rocking 
modes, and R„ CHj bending and wagging vibrations) and this is in good 
agreement with the observation of 4 strong infra-red absorptions. The 
weaker neighbour of the 745 cm.-^ absorption observed by us at 776 cm.-^ 
will be referred to below. 

In the Raman spectrum 5 fundamentals are predicted and found. 
These include four CH* deformation modes, 2 of type Ag and two Bg, 
and the single A „ C—C stretching mode. Of the remainiug 9 vibrations 
4 are C—stretching modes, occurring near 3000 cm.-^, and 5 are C—^Br 
stretching and skeletal bending vibrations having frequencies below 
700 cm.-i. 

Table I gives a summary’* of the observed frequencies and the interpre¬ 
tation now suggested. The polarization of the Raman lines is taken from 
the liquid spectmm of Kohlrausch and Wittek.^® The infra-red active 
modes are assigned in a straightforward manner by reference to a recent 
analysis of the infra-red and Raman spectra of ethyl bromide, in which 
the bending, wagging, and rocking vibrations of a CHa group in similar 
surroundings were reliably identified as strong absorptions at 1440, 1255, 
and 770 cm.-i respectively. The CH* twisting mode could not be identified 


TABLE I.— ^The Assignment of the Infra-red and Raman Spectra of 
trans- i ; 2-Dibromoethane in the Region 1500-700 cm.-^ 


Tjrpe of Vibration 

Ag (R.p) 

(I.R.) 

Bg (R.dp) 

(I.R.) 

CH, bending . 

CHj wagging . 

CHj twisting . 

CH, rocking . 

C—C stretching 

1438 (3) dp 
1250 (8) p 

934 (i) P 

1095 (m) 
745 (utt) 

1157 (1) ? 

1056 (5) dp 

1435 (m) 

1192 (s) 


R = Raman ; I.R. = infra-red ; p = polarized ; dp = depolarized 
s — strong; m = medium 

with certainty in ethyl bromide, but in i : 2-dibromoethane it must cor¬ 
respond to the remaining absorption at 1095 cm,"^. The CHa bending 
and wagging modes can similarly be picked out from the 5 Raman lines 
using the accepted frequency ranges for these \dbrations. The polariza¬ 
tion of the 934 cm.-^ line shows it to be the remaining Ag C—C stretching 
vibration as suggested by Wu.^’ The assignment of the frequency at 
1438 cm.~i to 3X1 Ag fundamental, despite its apparently depolarized 
nature, is in agreement with the well-known observation that these modes 
usually have highly depolarized lines. Furthermore, if this were not done 
there would be too few polarized lines. The remaining Raman lines cor¬ 
responding to CHj twisting and rocking modes are assigned in the same 
manner as that used for their infra-red analogues. The infra-red band 
at 776 cm.-i, which has not so far been assigned, is probably a combination 
frequency involving one or more of the lower frequency fundamentals 
which have not yet been observed in the infra-red spectrum. 

Kohlrausch and Wittek, 2 '. physik, Chem. R, 1940, 47, 55. 

Sheppard, /. Chem. Physics, 1949, 17, 79. 

Wu, Vibration Spectra and Structure of Polyatomic Molecules (Pekin, X939), 
pp. 306-312. 
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The above assignment is in partial accord with the earher work of 
Kohlrausch and Wittek,i® Wu,i’ and Odan, Mizushima, and Morino,i® 
particularly vdth respect to the Raman frequencies, foi which the solid 
state data have been previously available. However, it is thought tc be 
a marked improvement on earlier assignments of the infra-red frequencies 
as spectra of the crystalline state w^ere not available until recently. 

1 ; 4-Dibromobutane (tetramethylene dibromide). — The infra-red 
spectra of this substance m the hquid and solid states are shown in Fig. 
3® and 36. Once agam the spectrum of the crystalline solid is much 
simpler than that of the liquid, showing that there is more than one rota¬ 
tional isomer present in the latter phase. 

It seems likely that the planar zig-zag form exists in the solid state, 
as for I : 2-dibromoethane and the w-paraffins. The overall S3nnmetry is 
again Ca*, and the existence of a centre of symmetry makes the Raman 
and infra-red active fundamentals mutually exclusive. On the basis of 
such a model only 9 infra-red active modes would be expected between 
1500 and 700 cm.-i, viz. 2 each of CHg bending, waggmg, twisting and 
rocking vibrations, and a single C—C stretching mode. This prediction 
is in excellent agreement wnth the observed spectrum, there being 10 infra¬ 
red absorption of medium strength or greater at 1440 (m), 1433 (m). 



Fig. 3.—The infra-red spectrum of i : 4-dibromobutane in {a) the liquid, and 
(6) the cr^’-stalline state. Approximate thickness : o-o6 mm. 


1310 (m), 1258(5), 1171 (m), 1096 (m), 1008 (s), 869 (m), 759 (m), and 
752 (m) cm.”^. For any other model many more strong absorptions 
would be expected. 

In order to assign the obser\^ed absorptions to the fundamentals it 
should be noted that four pairs of CH* modes are to be expected, probably 
not far removed from the corresponding single modes of i : 2-dibromoethane 
at 1435, 1191* 1095 745 cm.~i. Accordingly 8 of the fundamentals 

can be identified with confidence as follows : CHg bending, 1440 and 1433 
cm.-i; CH, wagging, 1310 and 1258 cm.-^; CHg twisting, 1171 and 
1095 cm.-i; CHg rocking, 869 and 759 cm.-i. The single C—C stretching 
mode almost certainly corresponds to the strong infra-red absorption at 
1008 cm.~i. The only absorption of medium strength which has not been 
assigned is that at 752 cm.-^ It seems to correspond to the similar extra 
absorption found in the infra-red spectrum of i ; 2-dibromoethane. Un¬ 
fortunately the Raman spectrum of i ; 4-dibromobutane in the solid 
state does not appear to be available between 1500 and 700 cm.^^. 

18 Odan, Mizu s h i ma and Morino, Sci. Papers Inst, Phys, Chem. Res, Tokyo, 
1944, 43. 27 - 
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«-Propyl Bromide and ii-Butyi Bromide.—The experimental results 
for these molecules are shown in Fig. i and 4, and once again show the 
simplification of spectra to be expected in the crystalline state when 
several rotational isomers are present in the hquid. Detailed assignments 
of these spectra will be given in later publications with the help of similar 
experimental data obtained for the chlorides and iodides. For the present 
the discussion will be confined to a few points of a general nature. 

These molecules are of a similar atomicity to i: 4-dibromobutane, but 
it is seen that the solid state spectra are considerably more complicated 
than that of the dihalide. This results from the absence of a centre of 
sjTnmetry and the correspondingly less strict selection rules. The virtual 
impossibility of analyzing the liquid state spectra is very apparent for 
these molecules. If each solid state spectrum corresponds to the presence 
of a single configuration there should be an approximate correlation of the 
number of observed frequencies of moderate strength with the expected 
number of fundamentals. ?z-Propyl bromide would be expected to have 
5 methyl deformation frequencies, 8 CH2 deformation modes, and 2 
C—C skeletal stretchmg modes m the range 1500-700 cm.“i. The 
two uns3Tnmelncal internal deformation modes of the methyl group will 



Fig. 4.—^The infra-red spectrum of w-propyl bromide in ( a ) the liquid at — 60°C 
and (6) the crj’stalhne state. Approximate thickness : 0*05 mm. 

lie very close to the absorption caused hy the two CHg bending modes near 
1450 cm.-1, and hence onty ii fundamentals are to be expected below 
1400 cm.“^. Eleven absorptions are observ’ed experimentally of medium 
strength or greater in this region. Similar arguments lead us to expect 
«-butyl bromide to have 15 fundamentals between 1400 and 700 cm."^, 
compared with 12 obser\"ed of medium strength or greater. It can, there¬ 
fore, be confidently assumed that the solid state spectra correspond to a 
single configuration in each case. 

The spectrum of the glassy form of «-butyl bromide is shown in Fig. i 
together with those for the liquid and crystalline solid. There is a strong 
resemblance between the glass and liquid spectrum, showing that several 
different rotational isomers are present in the glassy form. Relative 
changes in intensity in the spectrum of glass when compared with the 
liquid spectrum can be attributed to changes in the isomeric composition 
of the liquid between room temperature and the onset of super cooling. 
The reduced width of some of the absorption bands in the glass a.s com¬ 
pared with the liquid is a simple temperature effect. 

Some Straight Chain Alcohols—^A necessary preliminary to the analysis 
of the vibrational spectra of long chain molecules such as the n-parafEuis, 
alcohols, amines, etc,, is the isolation of the planar zig-zag configuration 
in the crystalline lattice. A programme of work with this as its aiTn has 
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been initiated by a study of the infra-red spectra of a series of alcohols 
and paraffins m the solid-state. Some points of interest will be mentioned 
here relating to the spectra of the alcohols. 

Once the infra-red or Raman spectra of the planar zig-zag forms have 
been obtained the first task is to distinguish between the skeletal stretching 
and hydrogen deformation modes occurring in the region 1500-700 cm.-i. 
The infra-red spectra of the smaller straight chain paraffins published 
recently by Axford and Rank ® do not contain a set of absorptions which 
can ob^dously be picked out as skeletal stretching modes. This is not 
very surprising as they are expected to be generally weak in view of the 
almost non-polar nature of the C—linkages. It was felt, however, that 
the corresponding skeletal modes of the alcohols might be of much greater 
intensity, as all the stretching vibration must involve some degree of 
motion of the highly polar C—O linkage. A highly polar linkage usually 
gives rise to intense ii^ra-red absorptions, and the presence of a series of 



Fig. 5.---The infra-red spectra of «-butyl, w-hexyl and «-octyl alcohol in {a) the 
liquid and (b) the crystalline state. Approximate thickness : 0*02 mm. 

strong bands between 1070 and 880 cm.-^ in the crystalline alcohols con¬ 
firms the above hjqpothesis. These can clearly be assigned to skeletal 
modes and the limiting frequencies can be compared with the limits 1145 
and 890 cm.~i found for the skeletaJs in the w-paraffins.^® 

Fig. 5 shows the spectra of «-butyl, tt-hexyl and ?*-octyl alcohol in the 
liquid and solid states over the region 1200-850 cm.-^. In the spectra of 
the liquids a very^ strong broad absorption centred about 1060 cm."^ 
has been known for some years as the C—O stretching frequency. Its 
broadness results from a superposition of the strongest skeletal stretching 
modes^ of the different isomers present in the liquid state. In the solid 
state it is replaced by a series of much sharper absorption bands, cor¬ 
responding to the various skeletal frequencies of the planar zig-zag isomer. 
The -teee molecules whose spectra are shown in Fig. 5 should have re¬ 
spectively 4, 6 and 8 skeletal stretching modes, compared with 5, 8 and 8 

^® Brown, Sheppard and Simpson, this Discussion. 
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absorptions stronger than 20 % occurring between 1070 and 880 cm.”^ 
in the solid state spectra. This is fair agreement when account is taken 
of two methyl wagging modes which are also expected to give absorptions 
in this region.!® 

The spectrum of %-hexyl alcohol in the solid state contains more weak 
bands than those of the other alcohols. Very slow cooling over the freez¬ 
ing point and subsequently down to liquid air temperature did not eliminate 
these, neither did the technique of forming a glass and allowing it to change 
to the crystalline solid. These residuals are most probably due to the 
persistence of small amounts of amorphous material, and hence of other 
planar isomers. The amount of such material remaining is thought to 
be not more than a few per cent. 

Conclusion.—^The above discussion shows how a comparatively simple 
technique can be used to reduce the complexity of the spectra of medium 
size pol}*atomic molecules which exhibit rotational isomerism. At the 
same time this method pro\’ides in many cases the simplest method of 
detecting rotational isomerism in the liquid, and also makes possible the 
mterpretation of the spectra of at least one of the isomeric forms. The 
examples of molecules with unbranched parafSn chains that have been 
discussed above have shown how in these cases the simplified experimental 
data can be used to make reliable assignments for skeletal stretching 
frequencies and CH* deformation modes, fundamentals which have been 
difS-Cult to distinguish in the past. 

It is important to realize, however, that this method has its limitations. 
On the experimental side it has not alvra5"s proved to be easy to obtain the 
solid state material in the crystalline state, and it has been demonstrated 
that the spectrum of the glass is little difiereut from that of the liquid 
and hence useless for the present purposes. This, however, is not a 
fundamental limitation and can probably be overcome with careful tech¬ 
nique in many cases. Our experiments so far suggest that the greatest 
difficulties of this sort may be met with substances of a polar nature of low 
freezing point, and hydrogen bonding may be another relevant factor eis 
shown by the experimental difficulties experienced in obtaining consistent 
spectra of the alcohols in the crystalline state. Furthermore, with non¬ 
isotropic crj^stals a high degree of orientation in the thin films necessary 
for infra-red w^ork may anse and give apparently slightly different spectra 
with different experimental techniques. Effects of this sort can probably 
best be investigated with the help of polarized radiation. 

On the theoretical side, one limitation of the technique is that in many 
cases only the mterpretation of the spectra of the single isomer that exists 
in the solid state can be achieved, although this in itself is a considerable 
ad'^’ance. However, in order to achieve this, in many cases the Raman 
spectra in the crystalline state also will be needed, so that complete assign¬ 
ments can be made for complex molecules and for those which have a 
centre of symmetry. Raman technique would seem to lag behind that of 
infra-red spectroscopy for the detection of weak lines in the solid state 
spectra. Fmally, the change in environment of a molecule in the crystal- 
Ihie state as compared with that in the liquid may give rise to frequency 
and intensity variation of the different fundamentals w'hich will cause 
difficulties in interpretation. For molecules of low s^mimetry these effects 
will probably be small except when hydrogen bonding is operative. A 
further possible cause of complexity in crystalline spectra will be the 
piesence of more than one molecule in the unit cell; under such con¬ 
ditions some of the molecular fundamentals may split into several 
components. 

The existence of isomerism arising from restricted rotation about single 
linkages is not confined to the C—C linkage, and hence this method of 
analysis may be of equal use in the investigation of the spectra of molecules 
with mtemal single linkages containing atoms such as nitrogen, oxygen, 
phosphorus and sulphur. 
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INTERNAL ROTATION IN ZINC DIMETHYL 
AND MERCURY DIMETHYL 


By D. R. J. Boyd, H. W. Thompson and R. L. Williams 
Received ^oth June, 1950 

Vibrational absorption bands near 3 fi have been measured for zinc dimethyl 
and mercury dimethyl using high dispersion. Analysis of the perpendicular 
bands suggests that the results are explained well by the assumption of essenti¬ 
ally free internal rotation of the methyl group in these molecules. 


The infra-red and Raman spectra of zinc dimethyl and mercury di¬ 
methyl are of interest not only as a means of determining the vibration 
frequencies of these molecules, but also in connection with the question 
of the hree or restricted rotation of the methyl groups about the metal- 
carbon bond. The Raman spectra have been measured by Venkates- 
waran,^ by Pai,* and by F^er, Kolb and Leverenz.® The infra-red 
spectra were also studied using low dispersion by Thompson, Linnett 
and Wagstaffe * and more recently by GutowsI^.® The vibrational 
analysis of these spectra, together with the polarization measurements 
in the Raman efiEect, agree with the supposition of a linear C—^metal—C 
skeleton, and suggest that the methyl groups are either in the eclipsed 
configuration, or are free to rotate. These two alternatives correspond 
to the point groups and D'ga, which cannot be distinguished from 
the spectra alone. On other grounds, the staggered structure of the 
two methyl groups might be regarded as more probable than the eclipsed 
form, and the evidence is therefore inclined to the hypothesis of free in¬ 
ternal rotation. 

The rotational fine structure of the perpendicular-type infira-red 
bands should be markedly different accordhig to whether there is free 
rotation or not. Nielsen* considered the problem theoretically for the 
case where there is no vibrational-rotational interaction, and Howard^ 
extended the treatment to allow for such interaction. Howard applied 
his results to ethane and concluded that internal rotation does not occur. 

We have measured some appropriate vibration bands of ethane, di¬ 
methyl ziac, dimethyl mercury and dimethyl acetylene to compare the 
fine structure in each case. There is independent evidence that free 
rotation of the methyl groups occurs in dimethyl acetylene. Our results 
show that with zinc dimethyl and mercury dimethyl the rotational fine 
structure of certain perpendicular bands is strongly suggestive of completely 

1 Venkateswaran, Ind. J. Physics, 1930, 5,145. 

» Pai, Proc, Roy. Soc. A, 1935, 149, 29. 

* Feher, Kolb and Leverenz, Z, Naturforsch., 1947, 2a, 434. 

* Thompson, Linnett and Wagstaffe, Trans. Faraday Sop., 1940, 36, 797. 

» Gntowsky, J. Chem. Physics, 1949, 17,128. 

* Ni^sen, Physic. Rev., 1932, 40, 455. 

^ Howard, J. Chem. Physics, 1937, 5, 451. 
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free rotation. A full analysis will not be possible until our measurernents 
have been completed on the bands at longer wavelengths, but preliminaiy 
consideration of certain bands of dimethyl acetylene supports this 
conclusion. 

Experimental 

The metal alkyls were purified by repeated fractionation in vacuo, all traces 
of methane and ethane being removed, the final products having the correct 
vapour pressures, and showing no spurious infra-red bands. The Pyrex ab¬ 
sorption cell was 10 cm. in length and the rock salt end plates were fixed to its 
flanged ends by means of Silicone grease or hard vacuum grease. ^ A series of 
measurements were made with pressures 10-40 mm.^ The grating spectro¬ 
meter has been described elsewhere,® the region investigated here being 3-4 
where the fundamental C—H stretching vibration bands are observed. The 
grating had 7200 lines per inch, and the detector was a lead telluride cell, used 
in the manner described previously. 

Results and Discussion 

The spectrum of zinc dimethyl is shown in Fig. i, and Table I gives 
the frequencies of the main lines and the ** mean ** centres of related 



groups of lines. One perpendicular band and two parallel bands are 
seen between 2800-3100 cm.“'. The fine structure of the parallel bands 
is not resolved and with these molecules, which have a laige value of the 
ratio the central Q branch has low intensity. However, the 

centres of these bands appear to be near 2914 cm.”^ and 2841 cm.'^. 
The origin of the perpendicular band also cannot be fixed, but lies close 
to 2960 cm.”^. 

The symmetry types and \dbrational species for the point groups 
and D's* are given in Table II. The perpendicular band at 2960 cm.”^ 

® Miller and Thompson, Proc, Roy, Soc, A, 1950, 200, i. 
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must belong to the £' class, and can be assigned to vs- This band cor¬ 
responds to the Raman interval 2948 cm.“^. The only C—stretching 
vibration which will give a parallel type fundamental is v*, and this is 
assigned to 2914 cm.”i. The weaker parallel band at 2841 cm,-^ may 
be assigned to the combination {vx^ -f vq), which will be expected near 
2828 cm.“^ if the assignment of Gutowsky for the fundamentals is used. 

TABLE I. —Zinc Dimethyl 


Perpendicular Band 


Position of Line 

Vvac 

“ Centre ” 

Interval 

Ap 

3039-0 

_ 

_ 

3031-1 

— 

7*9 

3022-5 

— 

8-6 

3013-2 

— 

9*3 

3004-3 

— 

8-9 

2995*0 

— 

9*3 

2984-6 

— 

10*4 

2975 * 4 ^ 

2973 -iJ 


2974-2 

10*4 

2965'81 

2963-7] 


3964-7 

9*5 

295 t>*S 1 
2954 - 4 J 


2955-6 

9*1 

2947*7 1 
2945 - 3 J 


2946-5 

9-1 

2g38'0 1 

2935-91 


2936-9 

9-6 

2927-31 

2924-6 


2925-9 

II-O 

290(5-4 

— 

* 8-9 ’ 

2897-5 

— 

9*5 

288S-O 




Parallel Bands 


Centre (cm.-i) 

Max P branch 

Max R branch 

Ar 

2914-0 

2906-5 

2921-5 

15*0 

2841-0 

2835-0 

2849-6 

14-6 


Since the parallel bands were not resolved, we cannot determine the 
rotational constant B = hjSTi^cIg, and thence the value of Jb, the moment 
of inertia about an axis perpendicular to the C—^Zn—C direction. If 
we assume plausible molecular dimensions, namely, 
rza—c — 2*05 A, rc—H == 1*09 A, 

with tetrahedral methyl groups. Is = 221 x lo"*** g. cm.*, and the line 
spacing in the P and R branches will be about 0*24 cm.-^. Using the 
formula of Gerhard and Dennison • for the separation of intensity maxima 
in the P and R branches, namely, 

_ S(p) jW 
V fsl Iff* 

• Gerhard and Dennison, Physic. Rev., 1933. 43» 193. 
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an appropriate value for Av at 22® C is 15*1 The v^ues found for 

the two bands are 15-0 cm.”^ and 14*6 cm.“^ respectively, in satisfactory 
agreement. 

The perpendicular band is more interesting. If there is a high barrier 
to internal rotation, the fine structure should resemble closely that found 
in the corresponding band of ethane. The latter has been measured by 
Smith, and we have also recorded it for comparison using our own 
spectrometer. In fact, the band of zinc dimethyl shows little resemblance 
to it, for whereas the Q branches for ethane are sharp and spaced by 3-4 
cm.“S those of zinc dimethyl are very broad and have a spacing of about 
9 cm.”i. 

Howard has shown that in free internal rotation, where two degenerate 
frequencies of different symmetry classes are themselves accidentally 
degenerate, the spacing of the Q lines in the perpendicular bands should 


Tj-pe 

Number of 

Activity m 

Form 

Vibrations 

1 

Raman 

Infxa-red 



Yes 

No 

vj CH3 valency 

Vi CH3 deformation 
vj C—Zn—C valency 



No 

No 

V4 Torsional 

^2" 


* No 

Yes 

vg CHg valency 
vg CHj deformation 

V, C— Zd .—C valency 

E' 

0 

Yes 

Yes 

vg CHj valency 
vg CH3 deformation 
vjo CHg rocking 

C—Zn—C deformation 

E" 


Yes 

No 

V12 CH3 valency 
vi3 CHg deformation 

V14 CH3 rocking 


be [^(i — J) — 2R] rather than l2A{i — £) — zB] for a rigid sym¬ 
metrical top. Also, where there is free rotation, the Q lines will them¬ 
selves have a fine structure of spacing [2B]. The positions of the centres 
of the Q lines will be given by 

V = Vo ~ [ 2 ^£ - B] db L 4 A(K ± K')(i - £) - 2 BK], 

where K' is the quantum number for internal free rotation. If the number 
of quanta excited in the vibration is odd, as in the present case, ± i, 
± 3 » ± 5» • • • for even K, and o, ±2, ± 4 ... for odd K. Now, 
since the spacing 2B of the P and R lines in the parallel bands is not 
resolved, we should not expect the fine structure of the Q lines in the 
perpendicular bands to be resolved either, but the broad lines of zinc 
dimethyl, compared with those of ethane would be explained. 

At the low frequency side of the perpendicular band, the Q lines show 
a definite splitting into two or more components. The reason for this is 
not yet clear, but it is possible that the submaxima may arise from in 
tensity accumulations in the sub-structure. The mean spacing of the 
“ centres " of the groups of lines is 9-43 cm.-i. Using the value of A 

1® Smith, /. Chem. Physics, 1949, 17, 139. 
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obtained for ethane by Smith, namely 2*588 and the estimated 

value for B of 0*12 we find that assuming free rotation the Coriolis 

couplmg factor £ is o*o66. If a fixed configuration is assumed, £ would 
be —o*88. Both these values for £ are possible m prmciple, but strong 
reasons exist for regardmg the second value as madmissible. As a rule, 
£ for fundamental bands of C—H stretching vibrations is small and 
positive, which would be expected, smce the light hydrogen atoms move 
almost m a straight Ime and contribute little angular momentum of vibra¬ 
tion to the total angular momentum. For the correspondmg methane 
band £ = 0*05, and from other measurements, which we shall shortly 
pubhsh on allene, methyl acetylene, methyl cyanide and methyl iso¬ 
cyanide, the values are ^so very small. In the correspondmg bands of 
methyl halides, £ vanes between 0*05 and o*i. It tWefore seems that 



the first smaller ■s^ue may be the correct one, and we must assume that 
the mtemal rotation is essentially free. 

This question may be further clarified by an analysis of the other 
perpendicular bands at longer wavelengths, and by application of the 
Teller sum m ation rule for the values of £ found. These bands are now 
bemg measured. 

The results with mercury dimethyl are very similar to the above. 
The measurements of the Ra man spectrum, and infra-red spectrum under 
low dispe^on, are again best fitted with the assumption of point group 
Dai or D 31 with either eclipsed or freely rotating methyl groups. The 
bpds now measured are shown in Fig. 2, and the position of Imes are 
givOT m Table III. In this case, the Q lines on the low frequency side 
of the perpendicul^ band are more markedly split than those of zmc 
dmethyl, and the lines on the higher frequency side of the band are sharper 
than with the latter substance. ^ ^ jr' 

^ Herzberg, Jnjror^ed and Raman Specif a (van Nostrand, 1945). 
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Position ot Lines 

“ Centre ” 

Interval Ap 

»'vao 

3008*4 



3068*4 

_ 

3060*1 



3060*1 

8-3 

3050-9 

3043-6' 



3050*9 

9*2 

3043 -2 
3042*5 
3040*9 

► 


3041 6 

9-3 

3040*3 

3039*7, 

3032*1 



3032*1 

9*5 

3024*0 

3022*9 

3021*9 

3020 * 4 ^ 

3015*7 

3013*7 



3022*9 

9*2 

3012*5 

3011*6 



3013*1 

9*8 

3011*0 

3010*2 

3005*3*^ 

3004-4 1 

3003*5 

3002*4 

3001-3J 



I 

3003-5 

9*6 

2996*51 

2995-3 

2994*4 

2993*5 

1- 


2994*0 

9*5 

2992*6 

2987*3" 

2985*7 

2984*8 

2983-8 



2984*8 

9*2 

2977-2 

2976*0 

2974*9 

2974 * 0 . 

2966-4 



2975*3 

9*5 

2965-3 



2965*8 

9*5 

2964*0 

2961*9 

2959.6" 

r 





2958*7 

2957.8 

2957*0 



2956*5 

9-3 

2955*6 

2954*5 

2952*0 

2948*1 

2946*7 

2945*5 

2943 * 5 J 

1 

r 


2946*5 

10*0 

3904*5 



2904*5 


2895*6 



2895-6 

8*9 

2886*3 



2886*3 

9*3 

2877-2 



2877*2 

9*1 

2868-4 

1 


2868*4 

8*8 

Parallel Bands 




Ceotre (cm.-i) 

Max P branch 

Max X branch 

Ap 

2924-0 

2914*5 

2930-5 

16*0 

2834*0 

2826*0 

*841-5 

15*5 
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The centre of the perpendicular band cannot be located with certainty, 
but is probably close to 2980 This frequency must be assigned 

to the E' class methyl group stretching vibration. Gutowsky, on the 
basis of low dispersion measurements and Raman spectra of the liquid, 
gave a rather lower \'alue for this vibration frequency, but our results 
make the higher one more likely. The parallel bands lie near 2924 cm.”i 
and 2S34 cm.-^, the former being assigned to (Gutowsky gave 2880 
cm.“^) and the latter probabl)’- to (2^14 -f- V13), which from the assignment 
of Gutowslsy would be expected near 2843 cm.“^. 

The parilel bands of mercury dimethyl could not be resolved. Assum¬ 
ing for the molecular dimensions 

^Hg—C = 2*23 A, H = I ’09 

and tetrahedral methyl groups, = 269 x io“*® g. cm.®. This would 
give a mean line spacing in the P and P branches of 0*21 cm.-^, and 
13*1 cm.-i between the intensity maxima of these maxima if Ij is as¬ 
sumed to be equal to the corresponding value in ethane. The spacing 
observed between the maxima is 15 to 16 cm.“i, but owing to overlap 
with lines of the perpendicular band these values are not very convincing. 

If the “ centres'' of the group of Q lines in the perpendicular band 
are taken, the mean spacing is 9*3 cm.”*^. Using the same argument as 
for zinc dimethyl, the assumption of free internal rotation leads to a 
Coriolis factor C of o-o8, but for a fixed configuration £ is — 0*84, and the 
former value is much more likely. The complex nature of the Q lines 
in this case, and the sharper nature of these lines at higher frequencies, 
cannot at present be explained. Here, too, measurement of the other 
perpendicular bands at longer wavelengths may clarify the position. 
These refinements do not, hovrever, afiect the main conclusion that the 
internal rotation must be essentially free. 

It is interesting to consider the corresponding infra-red bands of 
dimethyl acetylene, since in this case the comparison of experimental 
and calculated thermodynamic properties 1® suggest a zero barrier to 
internal rotation of the methyl groups. Our measurement on the per¬ 
pendicular bands of this molecule are incomplete, but low dispersion 
measurements have already shown that in the perpendicular band near 
7 fi there is a spacing of Q lines of about 13 to 15 cm.-^. The Coriolis 
coupling factor of an analogous C—H deformation band in ethane has 
been found by Smith to be — 0-33, and a value close to this applies in 
corresponding bands of related molecules. If this value is taken, with 
moments of inertia 11, 100 X lo*"*® g. cm.®, the spacing of 

Q lines calculated for free rotation, namely [421(1 — £) — 2B], is about 
13*5 cm.”^, whereas a fixed configuration would give about half this value. 
It therefore seems certain that theory is in good agreement in this case 
where the internal rotation has been established independently, and the 
conclusions with regard to the metal alkyls are thereby strengthened. 

We are grateful to the Hydrocarbon Research Group of the Institute 
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INFRA-RED SPECTRA OF HYDROXYLIC 
COMPOUNDS 


By R. Mecke 
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This is a short report of the work done during the last few years on infra-red 
intensity measurements in my laboratory. The following problems were 
investigated : 

(i) the nature of the hydrogen bond and comparison with thermal and 

dielectric measurements ; * 

(ii) the influence of solvents on compounds with hydrogen bonds and the 
effect of the proton-attracting power of these solvents ; * 

(iii) infra-red absorption measurement for the determination of the dipole 
moments (bond moments) of different XH bonds and the changes brought 
about by inter- and intramolecular action wuth other molecules.® 


I. Hydrogen Bond and Mass-action Law. —Quantitative measurements 
of association can be obtained by two different, independent methods : 

(i) by thermal investigations, especially using the classical methods 
for the determination of molecular weights in solutions ; ’ 

(ii) by infra-red absorption measurements of characteristic frequency 
bands (e.g. the OH band) and % deviations from Beer's absorption law : 

log = €cd 

In the first, we observe as the directly measured quantity the mean 
molecular weight M of a mixture of the polymers conveniently given as a 
ratio / in units of the (known) formula weight ; 

In the second, only a partial weight is measured, usually the fraction 
of non-associated monomers. 

Unfortimately the range of the directly measured molecular weight is 
often limited at certain temperatures (melting point, boiling point of the 
solvent). The method of infra-red measurements is free from this dis¬ 
advantage. It depends on the appearance of two OH hands in solutions 

^ General report: Mecke, Z, Elektrochem., 1948, 53, 269. Infra-red measure¬ 
ments : Mecke and Kempter, Katurwiss., 1939, 27, 583 ; Z, physik, Chem. B, 
46,1940, 229. Mecke and Kreuzer, ibid., 1941, 49, 309. Hoffmann, ibid., 1943, 
53 t 179. Mecke and Nlickel, Katurwiss., 1943, 31, 248. Mecke, Elehtrochem., 
1944, 50,57. I^reuzer, Z. physik. Chem., B, 1943, 53, 213. 

* Thermal measurements : Mecke, Z. Elektrochem., 1948, 53, 107. 

* Dielectric measurements : Mecke and Schupp, Z. Elektrochem., 1948, 51, 
40 ; 1948, 53, 54- Schupp, ibid., 1949, 53, 12. Mecke, Reuter and Schupp, 
Z. Katurforsch., 1949, 4a, 182. Mecke and Reuter, Katurwiss., 1949, 36, 251. 
Mecke and Reuter, Z. Katurforsch., 1949, 4a, 368. 

* Measurements of conductivity: Mecke and Zeininger, Z. Elektrochem., 
1948, 53, 49. Mecke and Zeininger, ibid., 1950, 54, 174. 

* Liittke and Mecke, ibid., 1940, 53, 241. 

« Mecke and Timm, Z. Physik, 1935, 98, 363. Mecke, Z. physik. Chem. B, 
1936, 33 » 156 ; Z. Physik, 1937, 107, 595. Kempter and Mecke, Z. Katurforsch., 
1947, 549 / Mecke, Z. ^ektrochem., 1950, 54, 38. 

’ Hoyer, ibid., 1943, 49 » I34‘ Davies, Ann. Reports, 1946, 43, 4. 

® Fox and Martin, Trans. Faraday Soc„ 1940, 36, 897. 
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at sufficient molar concentrations.® Those bands are observed as funda¬ 
mentals as well as overtones. Fig. i showb an example, the second over¬ 
tone for phenol in CCI4. The intensity of the first (sharp) band 
(v = 10330 cm.”i) increases with decreasing concentration and increasing 
temperature while the second band, which is much broader and displaced 
to shorter frequencies (v 10140 cm.-^), decreases. To-day one assumes 
that only the free vibrating OH group of the non-associatcd or monomeric 
molecules contributes to the “ shmp OH hand ”, while the ” association 
hand ” is attributed to hydroxyl groups bonded in pol3mieric molecules. 
Assuming Beer’s law to be valid, the fraction a of monomeric molecules 
in the solution is given by the quotient of the extinction coefficients, 
€e (at concentration c) and (at infinite dilution), 

i.e. a. = 

Hence the question arose as to what extent those two methods (i) and (li) 
could be brought to comparable agreement and furthermore, what con- 


Fig. I. —Change in the intensity (molar 
extinction coefficient c) of the shaj^ ” 
OH band and the ** diffuse ” association 
band with variation of concentration 
(Phenol m CCI4.) 

Phenol in CCI4 20" C 

I. Phenol, pure, 2. 5*0 mole/ 1 . 

3. 2*5 mole/1. 4. 1*0 mole/1. 

5. 0*5 mole/1. 6. 0*25 mole/1. 

7. O'l mole/1. 8. 0*05 mole/1* 


elusions concerning the mechanism of association could be drawn when 
agreement was found. 

An objection might be made that the intensity of the sharp OH band 
of alcohols and phenols does not give the actual number of monomeric 
molecules because of accidental overlapping of different bands or because 
the simultaneous measurement of part of the association band cannot be 
entirely avoided. This objection we were able to refute by careful ex¬ 
amination of several absorption bands obtained from a large number of 
substances. Fig. 2 shows measurements of a using the fundamental 
and overtones of phenol, all of which show satisfactory agreement within 
the limits of error. 

If we assume that the association is governed by the law of mass 
action,* it follows from the Duhem-Margules relation that the following 
differential equation always exists between the fraction a of the monomer 
and the mean molecular weight M : 

d In (i — ;»r + MjXfM) ^ x din ol, , . . (i) 

X =s= mole fraction. 



where 




Fig. 2.—^Fraction a of monomeric phenol obtained from the extinction co¬ 
efficients of the fundamental, first and second overtone of the “ sharp ** hydroxyl 

band. 

a = —=/(c) 20’C. 

*00 

I I'oH G Fox and Martin. 2 vos X Oswald. 

3 voH A Hoffman, Kempter, Kreuzer, Lfittke, Oswald, Wulf and Jones. 



Fig. 3 .— Fraction a of the monomer CHaOH (solvent (Xla) determined spectro¬ 
scopically (-f) and by measurements of the partial vapour pressure (o) at room 
temperature (/ — 20® 0 , x = mole fraction). 

Methanol -f* CCI4. -f- Infra-red extinction. Q Vapour pr^ure. 

As an example, for the system CHgOH -j- CCI4 we compared the spectro¬ 
scopically measured a values with those which we have obtained from 
measurement of vapour pressure by a new method.* The agreement is 
quite good up to remarkably high concentrations {x = 0-2) (Fig. 3). 

* The real mole fraction is x/(i — -f In dilute solutions it is 

possible to replace the mole fraction by the mole concentration (mde/L). 
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Having thus decided that spectroscopic measurements will give reliable 
molecular weights we can now enquire into the nature of the association 
mechanism. 

We consider the two limiting cases : 

(i) dimeric association leading to double molecules (monocarboxylic 
acids), 

(li) polymeric association leading to chain molecules (alcohols, phenols). 

Some relations which can be anticipated to exist between the measur¬ 
able quantities, a, / and c are shown in Table I. Thorough investigations 

TABLE I.— ^Association and Mass Action Law 


a = fraction of monomers. 

/ = MJMi degree of association (mean molecular weight). 
c ^ xl(i — -{- xjj) = concentration (/^real mole fraction) 


d In (i — + x/f) = In a (Duhem-Margules' equation). 


Dimeric association leads to molecular 
rings. 

Polymeric association leads to molec¬ 
ular chains. 


R R 

0 • • • OH 

/ \ 

R—C 0—R 

(!) 

V '"0/ 


R R 

(e.g. mono-carboxyiic adds) 

(e.g. alcohols, phenols) 

{a) I — a = zka^c 

(c) tt/= 2 -/ 

H 

11 11 li 


carried out on this subject but which caimot be reported in detail have 
led to the result that alcohols and phenols mainly associate to polymeric 
molecules, but with the limitation that there are practically no dimeric 
molecules with alcohols.* Here the association begins with trimeric 
molecules which we suppose to have a cyclic structure. As is well known, 
similar behaviour has been observed in the polymerization of formaldehyde 
and acetaldehyde to trimeric trioxan and paraldehyde or to tetrameric 
metaldehyde. Since higher polymers ordinarily have chain structures 
the question arises, whether or not the band of the end OH group may be 
observed in the mfe-red when the group is not affected by intermolecular 
hydrogen bonding. In phenol we ascribe to the end OH group *• an 
intermediate band that we observed between the sharp OH band of the 
monomeric molecules and the bioad association band (Fig. 4). Gjncentra- 
tion and intensity measurements of the dipole moment also point to this 
assignment, but the investigations are not as yet complete. For alcohols 
we have been unable as yet to confirm the presence of an intermediate 
band, possibly due to the small resolving power and to the overlapping 
of a CH band. 

If we have a system in which chain association mainly takes place, we 
* Hoffmann, Z* physih. Cham, B, 1943, 53, 179. 
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can calculate the mean association energy W from the dependence of the 
extinction €C on temperature : 



In order to carry out this calculation we plot th^xtinction values ec 
logarithmically against the mean molecular weight M and i/Va and 


TABLE II.— ^Mean Association Energy W and Degree of Association 
/ OF Alcohols and Phenols from Infra-red Measurements 


Substance 

Solvent 

w 

lrcal./inole 

/at c =» I mole/L 

Methanol 

HjC. OH 

CCI4 

\ 

3*05 



C.H, 

3-67 


/i*r/.-Butanol 

(H,C)3. C. OH 

004 

( 5 - 3 ) 

2-0 

Benz^’lalcohol 

C.H, . HjC . OH 

€04 

4‘6o I 

2-50 



CeHe 

4-38 


Phenol 

C,H, . OH 

CO4 

4-35 

2*30 



C4H4 

3-55 

1*20 

If 

$» 

C4H6 . Cl 

3-48 

1-50 

1 

1 

V 

Cl. C,H. . OH 

CO4 

3-72 

1*90 

o-Cresol 

H,C . C,H3 . OH 

COi 

3-8 

17 

^-Cresol 

H,C. C,H. . OH 

CO4 

4-4 

2-3 



Fig. 4. —^The difEerent OH bands of associated phenol. I, monomer; II, OH 
end-groups of polymers ; III, OH groups associated by hydrogen bonding. 

Phenol in CCl*. c = 6-i6 mole/L 

determine the association energy from distances between the curves 
at/= const. (Fig. 5). This method leads to quite exact values, practi¬ 
cally independent of the concentration, but dependent on the stnicture 
of the compound under investigation and espec^ly on the solvent used 
(Table II). 
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The results for the methaiiol-CCl4 system have also be^ compared 
with values obtained from calorimetric measurements, in this case using 
the heat of solution, and good agreement was found.® The observed heat 




-2 5 

Methtnol m ecu 

1 




-i> n 


III 

I. 

4-S73 

I’ 

^j^cat j 

j 

’/5 


V 

l£ - 2 


2-0 /•5 



Fig. 6. —^Relation between heat of solution Q and mean association energy 

& = e«, - W(i -1//). 

(methanol in CQ* : W = 5*15 kcal./mole, =* 4*34 kcal./mole). 


of solution is proportional to the association energy W when plotted as a 
function of reciprocal mean molecular weight (Fig. 6): 

Finally, Fig. 7 shows the influence of chemical structure and the 
nature of the solvent on the mean molecular weight. It shows that 
primary alcohols are more associated than phenols, and in the same sense. 
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j^-chlorophenol is less associated. This latter fact is to be explained by 
the mesomeric effect of the Cl atom. 



Fig. 7.—^Degree of association / = M/M^ of different phenols and alcohols 
determined spectroscopically, as a function ot concentration : /(/ — x) kc. 


II. Influence of Solvent on Association.—^The OH bands show, as 
already mentioned, very strong interaction with other molecules ha^g 
proton-attracting power. Naturally there is a strong influence exerted 
by these compounds when these 
compounds are used as solvents on 
the OH group which can be detected 
spectroscopically. Thus, as many 
authors have already stated,** •* 
frequency, absorption area and form 
of a band as well as the dipole 
moment of the molecule depends on 
the nature of the solvent. For lack 
of time and space we exclude the 
dipole moment from our considera¬ 
tions here. The investigation of the 
OH bond of phenol in infra-red ab¬ 
sorption directly leads to conclusions 
concerning all specific interactions. 

We restrict ourselves to our own in¬ 
vestigations on phenol in 18 different 
solvents.* Comparable measure¬ 
ments of other authors •* un¬ 
fortunately do not contain intensity 
results. The changes of frequency 
which they obser\"ed, however, show 
the same trend as our own. Hence 
we believe the results to have general 
validity. We state as a rule that 
changing from “ indifferent ” solvents 
(e.g. CCI4, C«Hij) to solvents which 
are supposed to possess a stronger 
interaction by reason of other (e.g. 
thermal) measurements, a broadening 
of the band combined with decreasing 



Fig. 8 .—^Phenol in different solvents 
(c = 0-05 mole/I. 20® C), Qianges of 
intensi-ty and shifts of frequency \vith 
mcreasing proton-attracting power of 
the solvent. 


intensity in addition to a change to smaller frequency is always observed 
(Fig. 8). 

These three related effects show that the equilibrium nuclear distance 
increases on account of t? 2 /en 3 iolecular interaction and thereby a different 
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potential curve, a decrease in the OH dipole moment and weaker absorption 
follows. With phenols, comparison wth dipole moment measurements 
was possible ® since the CH moments are small (0*3) and moreover, 
because they compensate themselves to such an extent that the total 
moment of the molecule is mainly localized in the OH group. Variations of 
these moments run parallel with infra-red observations. Because of space 
we shall not expand on this very interesting comparison. It has lead, 
however, to a confirmation of Onsager’s theory of orientation polarization.^® 

TABLE III.— Frequency v, M. 4 X. Absorption Coefficient c. Integrated 
Absorption / = Jcdv and Half Width of the 2 OH Overtone of Phenol 
IN Different Solvents 


(c = 0-05 mole/l., t = 20® C) 


Solvent 

Did. 

Const. 

;Frequency 
p (cm.-i) 

Max. 

Absorption 

Coefficient 

e 

cm.*/niole 

Inte¬ 

grated 

Absorp¬ 

tion 

cm./mole 

Half- 

Width 

cin.-i 

Cyclohexane 

C.H„ 

2-02 

10 340 

64-5 

8*0 

100 

Cyclohexene I 

C,H„ 

2-22 

10 340 

i 8-5 

3-6 

230 

« II 


— 

9950 

7*0 

— 

— 

Carbon 

CCI4 

2*24 

10 330 

64*0 

8*2 

no 

tetiachloride 





Tetrachloro- 


2*29 

10 325 

63*5 

7*7 

120 

ethylene 






Trichlor- 

ethylene 

Chloroform 

CaHCl, 

3*43 

10 305 

53*0 

7*5 

120 

CHCla 

4*82 

10 295 

49*0 

7*7 

155 

Carbon disulfide CS2 

2‘64 

10 285 

43*5 

8*2 

160 

Pentachloro- 

CgHaj 

3*82 

10 285 

54*5 

7*7 

160 

ethane 



Chlorobenzene 

c.H,a 

5.69 

10 250 

40*0 

9*3 

210 

Benzene I 

C.H, 

2-28 

10175 

27-0 

7*8 

270 

„ II 


— 

10 330 

10 

— 

— 

Toluene I 

C^HjCHa 

2*34 

10 140 

25*2 

9*0 

340 

II 



10 330 

10 


— 

Nitromethane 

CHaNOa 

39*4 

10 160 

11*0 

4*5 

370 

Anisol 

CeH^.O.CH, 

4*37 

10 130 

11*6 

6*2 

430 

Nitrobenzene 

C^H* . NO2 

33*7 

10 120 

14*0 

5*5 

370 

Benzaldehyde 

CeHjCHO 

i8*o 

920 

5*0 

2*8 

540 

Acetophenone 

CeHs . CO . CHa 

18-0 

870 

4*0 

2*6 

650 

Diethylether 

{C»H ,)0 

4*33 

^ 700 

4*0 

2*7 

700 

Acetone 

CHa . CO . CH3 

21-5 

600 

5*0 

3 *T 

750 


Table III shows our experimental results, which -will not be discussed in 
detail; we merely point out some peculisuities concerning the operation 
of intermolecular interaction. These may perhaps be called association 
isomerism In some solvents (benzene, toluene, cyclohexene) a remark¬ 
able partial splitting of the OH band into two components is observed, 
e.g. in the second overtone, ca, 150-300 cm."L This effect can be explained 
if it is remembered that molecules of the solvent may be situated in two 
different positions relative to the OH bond and that they can remain in 
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both positions for some time. Benzene (Fig. 10) for instance, can have its 
molecular plane parallel (CH groups) or vertical (w electrons) to the OH 
group. In toluene we have in addition the CHs group ; in cyclohexene 



Fig. 9.—Phenol in cyclohexene (CaHip) • two OH bands accoramg to the two 
** association isomers ” of an ** aliphatic ” and ** olefinic association. 

{c = 0*05 mole/l. ; 20® C :- ; 40® C ; - - - - 

(Fig. 9), besides the interaction with the aliphatic CH* group, another 
interaction with the double bond (ir electrons) is observed by reason of 
this frequency splitting. Since in all these directions the polarizability 
of the molecule is very different, the interaction energy will have different 
values for different orientations. This not only affects the nuclear distance 
and force constant of the bond (frequency position) but also the OH dipole 



Fig. 10. —^Phenol in three solvents with different proton polarization power: 
I, Chlorobenzene; II, Toluene; III, Benzene. 

(c — 0-05 mole/1.; 20° C ; -; 50® :- ). 

moment and its variation during vibration (intensity). In this case changes 
in frequencies to smaller values always means a decrease of intensity. 
Since both states are relatively stationary, the equilibrium changes in 
the direction of the weaker bounded form if the temperature is increased 
F* 
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because the coupling is less. This has in fact been observed. Partic¬ 
ularly remarkable is the efEect if it electrons of a double bond, which arc 
acting as proton acceptors, are present. Hence phenol with its reactive 
OH groups is a very sensitive reagent in testing for the presence of such 
attrative effects caused by 7 r-electrons or hydrogen bonds. 

III. Dipole Moment and Chemical Bond.—As yet, infra-red investiga¬ 
tions have been mainly restricted to the determination of frequency 
position, to fine structure investigations on gases and especially to the 
evaluation of the normal vibrations of a molecule and their relations to 
chemical constitution. Apart from analytical investigations the intemxiy 
problem has been almost neglected, until quite recently.^® We became 
particularly interested in the question of how the intensity of an absorption 
band is related to the nature of the bond and to the chemical constitution 
and we succeeded in obtaining some interesting results.®* Apart 

from the possibility of determining experimentally the so-called bond 
moment ” of a CH or OH bond, valuable information about the nature 
of the hydrogen bond can be obtained. 

Looking at a series of overtone bands of CH and OH valency vibrations 
we see that the intensity ratio of neighbouring bonds is in order of mag¬ 
nitude of I to lo. Following the series up to v = 5—and that is 
experimentally quite possible—an intensity ratio of 1/100,000 has 
to be measured. By using different spectrometers, changmg the cell 
length and concentration after a careful examination of the validity of 
Beer's law, we were able to overcome those experimental difSculties, 
and we already have a considerable amount of data. Fig. ii shows the 

specific area absorption — f edv per bond of the third overtone band 
(4 »'oh) of 71 different CH bonds which we have so far investigated. Plot¬ 
ting — f edv as a function of frequency a very close relation between band 

intensity^ band position and the type of chemical bond is found. The 
different vibrating groups are situated in this figure in small squares 
(with the exception of a few special cases) and thus we are able lo identify 
them. Furthermore, we are able to make certain conclusions concerning 
constitutional conditions from deviations in the diagram. As these 
intensity investigations have received httle attention as yet, we shall 
discuss them in some detail. 

The total absorption 

A = — 


where is the number of CH bonds, is related to the so-callcd transition 
moment by the equation, 


a — ^ 

«CK 



( 3 ) 


i«^== 0-00198 X 


^® Bartholom^, Z . physift, Chem. B , I933> 23, 131. Bell, Thompson and 
Vago, Proc. Roy. Soc. A, 1948, 192, 498. Cole and Thompson, Trans. Faraday 
Soc., 1950, 46, 103. Richards and Burton, ibid., 1949, 45, 874. Wilson and 
Wells, /. Chem. Physics, 194?* * 4 » 578. Thorndike, Wells and Wilson, tbid., 
^ 947 » 157* Thorndike, ibid., 1947* ^68. RoUefson and Havers, Physic. 

Rev., 1940, 58, 710. Vergnoux, Thesis (Paris, 1945). Francis, J. Chem. Physics, 
1950, 18, 861. 

“ Osw^d, Biss. (Freiburg i. Br., 1950), to be published. 

“ Davies, J. Chem. Physics, 1940,8,577. Tuomikoski, Suomen Kemistilehti B, 
1948, ai, 59; 1950, 33, 44. Freymann, Compt. Rend., 1931, 193, 928 ; Ann, 
Phys., 1933. 10, 242. Hartwell, Richards and Thompson, J. Chem Soc., 

1948, 1440, 

Lippert, Diss. (Freiburg i, Br., 1950), to be published. 
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where h, c, N are the well-known natural constants. /< is of the so-called 
internal field ” factor. Concerning its magnitude there is still some 
doubt. Following Debye's theory it follows that, 



{n refractive index). We prefer, however, the value calculated from 
Onsager's theory, 

/2H* + i \ ® 

Fov is a reduction factor transforming the above-mentioned large differ¬ 
ences of absorption areas into ones of comparable magnitudes. It follows 
from wave-mechanical calculations of the normalized eigenfunctions of 



71 hydrocarbons as a function of frequency (third CH overtone, 4 v<jh). 


the vibration. In the case where the potential energy is describable by 
Morse’s function,^* 

Epot = - Do + Do(i - y)* ; y = • (4) 

the series of overtone bands is given by the well-known equation : 

V01, = vov[i — H-i)] ; k^ijx . . . (5) 

whence it may be calculated that 



The transition moment is an expression for the mean change of the dipole 
moment caused by the vibration of the bond. Fig. 12 shows the change 
of the transition moment for a gi\>en change of the dipole moment in the 
different overtone bands. Assuming the unknown \nriation of the dipole 
moment to be a power series of the nuclear distance z aiy — then 

fi[z) = -f fiQ -f • • •» • - • (7) 

14 Debye, Hand. Radiologie, I933» 6* 

“ Onsager, /. Amer. Cham. Soc., 1936, 58, i486. 

«Morse. Physic. Rev., 1929. 34 , 57 - Bourgin, ibid., 1927, 39, 794; 1928, 
33 , 237. Dunham, ibid., 1929, 34, 438. 
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where /t<»> = we obtain by further wave-mechanical cal¬ 

culations the transition moments from the partial derivatives /«.<*> : 


^ (/*" - A^O 

-^0,= + 

1 * 0 * = ^ (/*“' - 6 /" + II - 6 ,t') 

— f*o« = (/*“’ — 10 A***’ + 35 #*'" — 50 /*" + 24 (*') 

1*0* = ^ — 15 M'®’ + 85 /!<« — 225 /»"' -f 274 I* — 120 in') 


l-(8) 


These equations are easily solved, and the derivatives determined, 
and thus we should be able to construct experimentally the dipole curve 
from measured values. This method, however, is not very accurate. 
On the other hand details of certain molecular models are as yet lacking. 



Fig. 12. — Dipole moment and 
potential function of a single bond : 


I: Morse-function: 


Epot « - Do + Do(i -y)* 
y = exp (- a(r - r,)). 


II: i* 



III: fc =s €r — €a/#'*. 


The vertical, dotted lines show the 
total change of the dipole moment 
caused by the vibration of the third 
overtone 4*/. 


We tentatively make therefore the following simple assumptions. The 
effective chaige of the dipole moment of the bond is c, and the effective 
dipole length d — y + r«, i,e. we consider the charge concentrated on one 
side at the vibrating hydrogen atom and on the other side in the interior 
of the rest of the molecule at a distance from that atom which is binding 
the hydrogen atom (viz. C and O). Hence we assume that the dipole 
length does not coincide generally with the nuclear distance r®. The total 
moment of the bond consists of the polar part 

ed €{r 4- 

and of a inductive part caused by the internal field of the bond €/d* and 
the difference of polarizability Aa: 

Aac 
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Ordinarily the effective change c as well as the polarizability Aa of the 
atoms is assumed to be constant during the vibration. If this were so, 
we obtain in Table IV the transition moments mentioned in § I (see also 
Fig. 12, curve III). This assumption of constant e and A a is, however, 

TABLE IV 



y = «-«(*• - n); = a(r^ + ;•„) 

Observed 

Phenol 

Moo = Mo 

Moo = Mo 

(1-07) 

#*01 = + 2 S/''o*] 

Moi = Mo& — 2AJ 

0-73 

Moj = «o/ 2 «ri + 5 «»'/o®] 

Hi = Mo[l - 3 /*o + 

0*48 

Moa = «o' 3 a[i+l 9 ' 2 «/>'o’] 

Hi = M«[l - 11/3 ■*•# + 2 /^ 0 *] 

0*34 

Mm = + lea/^o*] 

Mm = Mo[l - 25/6 + 35/12 «o*] 

0*29 

Mm = «« 5 a[i + aSaAo’] 

Mm = M(i[l - 137/30^0 + 15/4 V) 

[ 

Mm = «o + 38 a/*".*] 

Mm “ M»[l - 49 / 10^0 + 208/45^0*) 


I 

II 

III 


Moments of transition 

I. Constant effective charge and constant polarization a; -r© ~ == 2. 

II. Variable effective charge € = €oy, polarization a =* ao(r/ro)^* 

III, Observed values for phenol in CCl*, Zq ^ 4*6. 

wrong. The effective charge of a homopolar bond decreases with increasing 
nuclear distance from wave mechanics according to an exponential law: 

€ = .... (10) 

Furthermore, if we assume the difference of polarizability to increase as 
r *—and there are theoretical arguments for ^s assumption—obtain 
the following results : 

(i) From the electric bond energy of a dipole of this type we immediately 
get Morse's potential function.^* 

As an empirical function it correctly gives the observed series of eigen- 
\"alues but had no theoretical foundation at all up till now. 

(ii) Furthermore, “we likewise obtain a relation which Morse had 
proposed empirically rule) and which has successfully been used to 
estimate nuclear distances from frequencies. Again, in this case there 
was no theoretical explanation. Now we find : 

»o»'o’V¥= 3500 . . . (12) 

where vq is measured in cm,”^ in lo”* cm., P as mean atom refraction 
of both vibrating atoms in cm.* and m is the reduced mass of the bond, 
JBj is the constant of rotation, = hjSn^cI, the ratio i being 

nearly constant. 

(iii) For the cur\’'e of the dipole moment of our bond we get a function 

of the type where a(r + Hence the dipole moment 

'V'anishes for ^ o (the case of joined nuclei — f„), it reaches a 
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TABLE V.— ^Experimental 


Type of Compound 

Molecule 

and 

Structure 

*^0 

cm.“i 

fo* 

A 

k 

A 

mole bond 

Strong polar XH bonds 
OH and CIH Bonds 






Water* 

HgO 

3850 

0-950 

55 

151 

Methyl alcohol* . 

CH3OH 

3813 

0-92 

44*3 

I 2 I 

Phenol* 

CeHsOH 

3780 

0-96 

44*5 

102 

Hydrogen chlondc* 

HCl 

2990 

1-28 

56 

120 

Unsaturated CH Bondb 






Hyperaromatic 

FuranaP 


3197 

1-07 

52-4 

120 

Aromatic and Related 






Benzene^ . 

C«H0 

3180 

i-o8» 

50-5 

II5 

Toluene^ 

C.HjCH, 

3166 

I-08 

51 

II5 

Phenol* 

CeHsOH 

(C.H .).0 

3170 

I-08 

56-6 

124 

Dibenzyl ether* . 

3200 

1*07 

46*4 

106 

^-Dibromobenzenc^ 
Pyndine* . 

CeH^Br* 

3201 

1-09* 

50 

II4 

C,H,N 

3205 

1*07 

49*3 

II3 

Olefinic 




48-8 


Cyclo-octatetrene* 

C,H, 

3128 

i-07« 

109 

Saturated CH Bonds 
Ketonest Aldehydes {noimal 
mode). Acids 






Acetone* 

(CH,),CO 

3110 

1*09 

47-8 

106 

Acetaldehyde* 

ch^<h 

3104 

I-OQ 

48-5 

108 

Acetic acid* 

CH3COOH 

3120 

I-08 

48-8 

109 

Ethers 




Diethyl ether* 

1 (CHaHCH )30 

3093 

i‘o6 

52*4 

116 

Diethyl ether* (vapour) 

! (CH3HCH)aO 

3070 

I *06 

50*6 

III 

Tetrahydrofuran* 

I : 4-Dimethyltetra- 

C4H8O 

! 3117 

I *08 

43'9 

98 






hydrofuran* 

(CH3UC4H,0 

3117 

I *08 

43*9 

98 

Trioxan* 

(HCH 0)3 

3108 1 


57*6 

128 

Paraldehyde* 

{CH 3 CH 0)3 

3140 

I -08 

44*9 

96 

Methyl alcohol* . 

CH3OH 

3085 

i-09« 

43 

94 

Hydrocarbons 




Cyclohexane* 

C.H13 

3045 

I-IO 

46-8 

102 

Hexamethylethane* 

(CH 3 )bC 3 

3134 

i'o8 

40-7 

91 

Toluene^ 

CH3C«H0 

3070 

I-09* 

46-5 

102 

Ethers, perturbed mode 






Diethylether* 

(CH 3 HCH ),0 

(CH8HCH)aO 

2958 

i*o6 

47*7 

101 

Diethylether* (vapour) 

2930 

I -06 

53*3 

III 

Trioxan* 

(HCH0)3 

2998 

I'od** 

38*0 

81 

Paraldehyde* 

(CHjCHO), 

3093 

I *06 

40*7 

90 

Aldehydes, perturbed mode 






Furanol* 

2863 

I-08 

47*7 

98 

Acetaldehyde* 
Polyhalogen compounds 


2921 

i*oS 

41*2 

86 

Xon-aromattc CH Bonds 






Chloroform^ 

CHCl* 

314^ 

I'll 

50 

112 

Trichloroethylene^ 

C.HC 1 , 

3200 

i*o8 

53*5 

122 

Hexachloro-cyclohexane* 

^ CaHeCle 

3117 

I'oS 

47*8 

107 


« Extrapolated values. . * 

* D'Ans>I<ax, Tasch&fibitch, fiLr Cheimher and Physiker (Berlin, 1943). 

* Herzberg, Polyatomic Molecules (New York, 1947), gives the values ♦'o “ 1*^93 
for C—CHj, ^0 =■ 1*07 for CwCHj from infra>red measurements. 

* Carpenter (/. Amer, Chem. Soc., 1936, 58, 1274) gives the value r# = 1*06 for 
paraldehyde (from electron difiraction) and metaldehyde (from X-ray scattering). 
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Transition Moments 


aro 

Pl+Pi 

cm */m.o]e 
bond 

±A^01 

D 





±£» 

D 

1*90 

0*99 

1*2 

0*45 

0*21 

o*i6 



1*52® 

2*02 

0*67 

— 

0*45 

0*30 

0*23 

— 

— 

1*2 

2*10 

o-bh 

o*by 

0*58 

0*41 

0*35 

— 

— 

1*3 

2-23 

2*40 

0*47 

0*24 





1-03 

1-oS 

1*22 


0*24 

0*24 

0*23 

— 

— 

0*26 

2*01 

I 22 


0*20 

0*26 

0*24 

0*23 

0*22 

0-29 

2*01 

1*20 

— 

23 

28 

26 

24 

23 

25 

T -93 

1*21 

0*21 

^4 

2b 

26 

25 

— 

23 

2-ir 

I ^4 

— 

— 

^9 

24 

— 

— 

46 

2*02 

1*31 

— 

23 

24 

23 

— 

— 

23 

2*03 

1-2^ 

— 

•24 

28 

24 

'— 

— 

43 

2*02 

1*14 

— 

26 

29 

25 

20 

(II) 

42 

2*0 

2’2<» 

- 

15 

20 

iS 

— 

— 

27 

2 *00 

1*20 

— 

— 

21 

iS 

— 

— 

30 

2*04 

I*l8 

— 

— 

25 

23 

— 

— 

23 

1*93 

1*02 

— 

18 

30 


— 

— 

46 

1*95 

1*01 

— 

14 

23 

21 

— 

— 

30 

2-15 

1*20 

— 

ro 

26 

21 

16 

— 

42 

2-15 

1*20 

— 


24 

15 

II 

— 

43 

1*84 

1*00 

— 

24 

36 

35 

40 

— 

32 

2-14 

I- 2 I 

— 

19 

iS 

17 

— 

— 

22 

2*00 

1*22 

— 

20 

40 

43 

36 

— 

(60) 

2*oy 

X-2S 

— 

iS 

30 

27 

22 

19 

43 

2*25 

I --3 

— 

‘ 12 

19 

16 

— 

— 

29 

2-07 

1*21 

— 

12 

15 

13 

10 

— 

23 

1*70 

0*93 

— 


27 

22 

— 

_ 

47 

1*70 


— 

17 

28 

25 

— 

— 

3 t> 

2*23 

o*(>g 

— 

16 

iS 

13 

IX 

— 

36 

2*20 

I 01 


IS 

22 

17 



40 

1*98 

o*S7 

— 

2 Z 

3 - 

32 

— 


29 

2*15 

0*92 


113) 

33 

27 

— 

-• 

(50) 

2*07 

1*44 

_ 

37 

32 

24 

18 

— 

52 

1*98 

1-24 

— 

30 

27 

27 

26 

— 

30 

213 

i-ih 

*”“ 

21 

20 

— 


— 

(24) 


« Unless othenvise mentioned, calculated from values of related molecules by Morse's 
equation = const. 

f Mecke and Kempter, Z. Naturforsch,, I947. 549 * 

® Oswald, IHss, (Freiburg, 1950). 

* Lippert, JHss. (Freiburg, 1950). 
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maximum at -s' = 2 and approaches as5niiptotically the value o again for 
-sr = C 30 . Furthermore, the derivatives are 

= /*o[(^o - «)* - . . . (13) 

A thorough discussion of the data obtained so far now shows us that the 
transition moment calculated according to this formula (12, case II) 
shows very good agreement with the results obtained. For phenol one 
obtains 4*6 (i.e. an effective length of the dipole, = 2*3 ^0)-* The 
dipole moment of the OH band using this value is i-i D. This means that 
the effective charge, calculated as a dipole moment = ed, would be 
€ ^ O'le. But it is better, however, to assume here an induced moment 
and then from a = Ato^o*/e one obtains a mean polarizability of 

*5 i*i X 10“®* cm®. 

Further results are given in Table V and Fig. 13. 




Fig. 13.—Reduced transition moments 
of CH and OH bands. 

□ Benzene and derivatives. 

# Trichloroethylene. 

< 3 > Cyclo-octatetraene. 

■ Chloroform. 

X Cyclohexane. 

A Toluene (CH3). 


- 0*6 


From these facts we conclude that: 

(i) The function z^q-* has the character we expect for the variation of 
the dipole moment of a covalent band with nuclear distance. 

(ii) In all cases investigated f the effective length of the vibrating 
dipole seems to be greater than the nuclear distance at its equilibrium 
position (r > ^o) and 

(iii) therefore the moment at the equilibrium position is on the 
faHing branch of the dipole curve [Zq > 2) and, furthermore, in that part 
which is convex to the r axis (jy,, > 3-41) • 

If we now observe a decrease of the vibration frequency on account 
of interaction together with an increase of the bond length, these result 
from the fact that the binding moment is lowered and, because of this, 

* The contribution of the induced moment is fig — /iq fhe polar 

moment, 

t As regards the CH band there is a possible second solution of r*, 1*7 

(d « 0*85 ro). The question will be settled as soon as the fundamental band 
at 3^ i$ remeasured. 
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the intensity of the absorption band also. As regards the sign of the dipole 
moment, absorption measurements alone can never give any information. 
But for the hydroxyl bond we can without hesitation assume the hydrogen 
atom is positively charged. For the CH bond there are some indications 
that a change of sign has taken place, i.e. that the hydrogen carries the 
negative charge. 

Physihalisch-chemisches Institut der Universitdt, 

Freiburg i. Br. 


INFRA-RED AND RAMAN SPECTRA OF 
1:3:5-TRIFLUOROBENZENE * 


By J. Rud Kielsen, Ching-yu Liang and D. C. Smith 
Received loth July, 1950 

The infra-red spectrum of i ; 3 : 5-trifluoroben2ene in the gaseous and liquid 
states has been investigated between 2 and 22*5 jLt by means of a prism spectro¬ 
meter of high resolution. The Raman spectrum of the liquid has been studied 
with a three-prism glass spectrograph of linear dispersion 15 A/mm. at 4358 A. 
The 17 fundamental vibration frequencies that are active in infra-red absorption 
or in the Raman effect have been assigned and tentative values given for two 
of the three inactive fundamentals. The observed spectra have been inter¬ 
preted in detail. 


An attempt to determine the fundamental vibration frequencies for a 
number of fluorinated aromatics has recently been made by R. L. Hudson, 1 
Because of the low molecular symmetry of these compounds the assign¬ 
ments were incomplete and in part uncertain. A short time ago a sample 
of I ; 3 :5-trifluorobenzene became available, and an investigation of its 
vibration spectra was undertaken in the hope that a complete assignment 
of fundamentals could be made for this compound and data obtained that 
could be used to check and extend Hudson's assignments. 

No previous spectroscopic study has been made of 1:3: 5-trifluoro- 
benzene. However, the work of Dadieu, Kohlrausch and Pongratz on 
the corresponding chlorobenzene and mesitylene,® the mechanic^ model 
data of Murray, Dietz and Andrews,® the work of Langseth and Lord on 
deuterated benzenes,* and especially the detailed study made by Ingold 
et of I : 3 : 5-trideuterobenzene,* have provided some guidance in the 
present work. 


Experimental 

The sample of 1:3: s-trifluorobenzene (b.p. 75*5® C) was prepared and 
purified by G. C. Finger, F. H. Reed and J. L. Fmnerty of the Illinois Geological 

* This work has been supported by the U.S. Office of Naval Research under 
Contract N7onr-398, T.O.I. 

1 Naval Research Laboratory Report 3367 (*' Spectroscopic Properties of Fluoro¬ 
carbons and Fluorinated Hydrocarbons "), Washington, D.C., 1949. 

® Dadieu, Kohlrausch and Pongratz, Akad. Wien, Ber., 1932, 141, 

747 ; Monatsh., 1932, 60, 426. Kohlrausch and Pongratz, Akad. Wiss. Wien, 
Ber., 1934, HZ* 35^ ; Monatsh., 1934, ^ 4 * 374- Kohlrausch, Physik. Z., 1936, 
37, 58. 

® Murray, Dietz and Andrews, J. Chem. Physics, 1935, 3, 180. 

* Langseth and Lord, Kgl, Danske Vid. Selsk., Maih.Jys. Medd., 1938, 16, 6. 

* Bailey, Ingold, Poole and Wilson, /. Chem. Soc., 1946, 149, 222, Bailey, 
Hale, Herzfeld, Ingold, Leckie and Poole, ibid., 1946, 149, 255. 
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Survey No information as available about its punty However, the spectra 
showed no trace of any of the other fluonnated aromatics for which spectral 

data have been obtained ^ ^ j ^ 

The mfra-red spectrum of the compound, m both the gaseous and the liquid 
state, was measuied over the range from 2 to 22*5 by means of a pnsm spectro¬ 
meter of high resolution ** The Haman spectrum of the liquid was photographed 
with a high-speed three-pnsm glass spectrogiaph, briefly described elsewheic,’ 
of bnear dispersion 15 A/mm at 4358 A. The iiradiation appaidtus » employed 
two high-cuirent low-pressure mercury lamps with internally water-cooled 
electrode ends of the kind developed by Welsh and Crawlord at the University 
of Toronto ® Polarization measurements were made with an appaiatus similai 
to that desenbed bv Crawford and Horwitz 


Results 

The inlra-red absorption spectrum of gaseous i : 3 ^-trifluorobenzene is 
shown in Fig i. The cell length was 10 cm The pressure in mm Hg is shown 
for each percentage transmittance curve Fig 2 shows the inlra-ied spectrum 

V ova NumoMk lo cni-^ 



Wova Ungrti in Micr 


Fig. I. —^Infra-red spectrum of gaseous 1.3:5-trifluorobenzene. 

* Reported at the meetmg of the A^nerican Chemical Society held at Phila¬ 
delphia, loth to 13th April, 1950. 

« Nielsen, Crawford and Smith, ], Opt, Soc Arner,, 1947, 37, 296. 

’ Smith, Nielsen and Claassen, J, Chem, Physics, 1950, 18, 326. 

* Nielsen, Claassen and Smith, tbid,, 1950, 18, 485. 

» See Rank, Sheppard and Szasz, J, Opt, Soc. Amer., 1948, 16, O98. 

Crawford and Horwitz, J. Chem. Physics, 1947, 15 > S82. 















J. RUD NIELSEN, CHING-YU LIANG AND D. C. SMITH 179 



Wow Lwh^i H> Atermt 


Fig 2 —Infra-ied spectnim of liquid 1:3: 5-trifluorobenzene. 


TABLE I —Infra-red Spectrum of 1:3: 5-Tripluorobenzene 


Gas 

Liquid 

1 


Wa\e 1 


Wave 


Interpretation 

Number 

Descnptiou 

Number 

Dc&ci iption 


cm ”1 1 


cm “* 



448 

iW 

— 

_ 


— 

— 

407 

tl* 

214+253=467 (S') 

500 ■] 

A 

— 

— 


505 

6 

504 

s 

E' fundamental 

511 J 

5 

— 

— 


— 

— 

575 


253+3-26=579 {^i"+. 4 /'+£") 

605 

vvwd 

595 

tw 

E" fundamental; 

t >57 1 




845-253=592 {£') 

6t>4 y 

6 

065 

s 

A /' fundamental 

O71 J 





— 

— 

741 

? 1 w 

993-253=740 {A/'+A/'-i-E") . 





253+503 = 756(^1^'+^ t"+E") 

7^5 

vvw 

704 

IW 

214+578=792 (At") 

805 

840 1 

tvw 

[ 

— 

214+595 = 809 {S') 

«47 [ 

16 

«45 

vs 

A^" fundamental 

«55 J 


















180 


I •• 3 : 5 - 

-TRIFLUOROBENZENE 

TABLE I — amid. 

Gas 

Liqi 

uid 


Wave 


Wave 


Interpretation 

Number 

Description 

Number 

Desciiption 


cm-i 


cm -1 







1471 - 595=870 

253+665=918 (£') , 

326+595=921 (■>^i"+-^a"+-E") 

E' fundamental 


503+578=1081 (£') 

E' fundamental 

2 X 595 = 1190 (^i'+-E') 

1471-253=1218 "+A."+£"); 

214+1010=1224 (^t") 
595+665=1260 (S') 
1610-326=1286 {A,'+A,'+E') 
326+993=1319 (^/+^,'+S') 
326+1010=1336 (S') 

A/ fundamental 
595+845=1440 {£'): 
578+845=1423 (/!/'): 

233+1191 = 1444 {-^i +-4a +JS') 

S' fundamental 
503+993=1496 [Ai'+Ai'+E^ 
503+1010=1513 (S'); 

326+1191=1517 M "+^,"+S") 
214+1350=1564 (-^a") : 

578+993 = 1571 (-EO 

E' fundamental ; 

[326+1300=1626 (E')], 

503+1123 = 1626 {Ai'+^i'-i-E') 
326+1350=1676 (S') ; 
665+1010=1675 {A2") 

578+1123 = 1701 (£') , 

503+1191 = 1694 [A/'-hAs"^E") 
253+1471 =-1724 (^i"+^4/'+£") 

326+1471 = 1797 (^i'+^2 +■£') 
253+1631 = 1884 (^/'+^ ''+£:") 
326+1610=1936 (^/+/ia’+£') 
326+1631 = 1957 (^/+^a'+£') 

2 X 993 = 1986 (-4i'+£') 

993+1010=2003 (£') 
665+1350=2015 
578+1471=2049 (£') 
595+1471=2066 IAi"-}-A 2 "’^E") 
993+1123=2116 (^i'+^a'+-£0 

578+1610=2188 (E') : 
993+ii9I«=2i 84 (-4i"+^a'"+£'0 ; 
845+1350=2195 (^a") 
578+1631=2209 (EO ; 
595+1610=2205 (^i''+^a"+£:'0 
2x1123=2246 (-<J^+£') 
[993+1300=2293 (S')] 


2247 

2294 


vw 

vww 


2242 

2294 


vw 

vww 
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TABLE 1—contd. 


Gas 

Liquid 


Wave 


Wave 


Interpretation 

Number 

Description 

Number 

Description 


cm.~i 





2326 

vvvw 

23x5 

VtlW 

326+1010 = 2326 (£') 

2353 

vw 

2342 

W 

993+1350=2343 (-S'), 

2421 

vvw 

2421 

vvvw 

[1123+1300=2423 (£)] 

2427 

vvw 

— 

— 

— 

2481 

m 

2469 

w 

326+1350=2472 (£'); 

993+1471=2464 (-^1'+^/+^') 

2564 

vvvw 

2558 

vvvw 

— 

2604 

vw 

2591 

vw 

1123+1471=2594 ( Ai '+^' s + E ') 

2625 

vvvw 

26IS 

vvw 

1010+1610=2620 ( E ') ; 
993+1631=2624 (Ai'-i-A^'+E') 
1010+1631=2641 (£') 

2639 

vvvw 

2639 

vvvw 

2667 

vvw 

2667 

vw 

1191+1471=2662 (-<4/'+.<42"+A") 

— 

— 

2688 

vvvw 

578+1123=2701 (E') ? 

— 

— 

2732 

vvvw 

1123+1610=2733 (Ai +Ai +£) 


— 

2755 

vvvw 

1123+1631=2754 ( Ai '+ A ,'+ E ') 

2770 

tw 

2770 

vw 

[1471+1300=2771 (£')] 

2801 

vvw 

2801 

vvw 

1191 + 1610 = 2801 (Ai"-}~A2 +-E ) 

2S33 

2899 

vvvw 

2825 

vvw 

1350+X47X=2821 (£') ; 
1191+1631=2822 (Ai'^+Aq^+E") 

vvvw 

2907 

vvw 

[1610+1300=2910 (E')] 

2924 

vvvw 

2933 

vvw 

2x1471=2942 (^i'+Je:') 

2967 

vvvw 

2967 

vvw 

1350+1610=2960 (E') ; 
I350+x631=298i (E') 

3x15 

vw 

3003 

3106 

vvw 

m 

[1471 + 1540=3011 (E')] 

E' fundamental 

— 

— 

3205 

vvvw 

2x1610=3220 (^I'+E') 

3236 

vvvw 

3236 

vw 

1610+1631=3241 (y^i'+^a'+E' 

3268 

vvvw 

3257 

vvvw 

2 X 1631=3262 ( Ai '- j - E ') 

3610 

vvvw 

3610 

vvvw 

503+3111=3614 ( Ai '’+- A /- j - E ') 

3*^02 

vvvw 

— 

— 

— 



3937 

409S 

vvvw 

845+3092=3937 (+2"). 
845+3071=3916 {^2,) , , 

4115 

vvvw 

vw 

993+3111=4104 ( Ai '+ Aa '+ E ') ; 
1010+3111=4121 ( E ') 

4184 

4202 

vvvw 

vvvw 

1123+3071=4194 (S') ; 

11-23+3092=4215 (£') 


4464 

vvw 

4444 

vw 

1350+3111=4461 (£') 


~ 

4545 

vvw 

1471+3071=4542 ( JS ' j : 
1471+3092=4563 (-E) 

4539 

vvvw 

4717 

vvw 

1631+3092=4723 (E'): 

1631+3071=4702 (£') 


TABLE II.— Raman Spbctrum of 1:3; 5-Trifluorobenzene (Liquid) 


Wave 

Number 

cm.-i 

Descnption 

Ezcibng 

Hg Lmes 

Deplonza> 

tion 

Ratio 

Interpretation 

253-4 

vs d 

A, l 

0-85 

E" fundamental 

326-0 

w 

e, k 

0-87 

E' fundamental 

465 

vw 

e 

— 

214+253=467 (£') 

502*3 

s 

e, k, i 

0-85 

E fundamental 

577-6 

vs sh 

iff» i, d 

0-04 

Ai fundamental 

E" fundamental 

594-6 

s 

e, k, d 

0-83 

652 

vvw 

3 

2x326=652 (-^x'+E') 

A^' fundamental 

666 

ww 

3 













J. RUD NIELSEN, CHING-YU LIANG AND D. C. SlUTH 183 

of the liquid. The number adjacent to each curve indicates the cell thickness 
in mm. The wave numbers of the observed absorption maxima arc listed in 
the first and third columns of Table I. In the second and fourth columns the 
relative intensities are indicated by means of the following abbreviations : 
vs very strong, s strong, m medium, w weak, vw very weak, etc. 

The observed Raman shifts for liquid 1:3: 5-trifiuorobenzene are listed in 
the first column of Table II. In the second column, under the heading 
“ Description the relative intensities are indicated ; for some bands excep¬ 
tional sharpness or diftuseness are indicated by sh or d respectively. The excit¬ 
ing mercury lines are given, in Kohlrausch's letter s3niibols,^^ in the third column. 
Underlining indicates that an anti-Stokes as well as a Stokes shift has been 
obseived. In the fourth column are listed the depolarization ratios obtained 
lor the stronger Raman bands. 


Discussion 

Assignment of Fundamentals.—^The molecule of i: 3:5-trifluorobeiizeiie 
undoubtedly has the symmetry The normal vibrations therefore 

di\dde themseh'os into s^mimetry species in the following manner: 
4-^1' + 3^2' + 3^2^ + 7-E' + 3 jB^. The vibrations of species E' 
and E'' are Raman-acti\"e, those of species Ajf giving rise to polarized and 
the others to depolarized Raman bands. The vibrations of species A 2^ 
and E' are mfra-red active, the former giving rise to parallel and the latter 
to perpendicular bands. Since the molecule is a plane symmetrical top, 
the separation between the maxima of the rotational branches for the 
perpendicular infra-red bands should be approximately two-thirds of the 
corresponding separation for the parallel bands.The three vibrations 
of species A2' are inactive as well in infra-red absorption as in the Raman 
effect. 

Species A ^,—^The intense polarized Raman bands at 577*6, ioio*o 
and 1350 cm.~i certainly represent totally symmetrical fundamentals. 
The first may be characterized roughly as a ** breathing vibration the 
second as a trigonal deformation of the aromatic ring, and the third as a 
C—F stretching mode. The fourth Ai fundamental, a symmetrical C—H 
stretching, should lie somewhat above 3000 cm.^^. Three Raman bands 
with measured depolarization ratio below 6/7 have been obsert'ed in this 
region, at 3071, 3092 and 31 ii cm.“i. The j&rst two are certainly polarized. 
The low value obtained for the depolarization ratio of the third is probably 
caused by overlapping wnth the polarized bands and with the Rayleigh- 
scattered mercury line at 5045*8 A. Thus, the conclusion seems in¬ 
escapable that the bands at 3071 and 3092 cm.-i represent the remaining 
Aj fundamental coupled with an overtone or a combination band of the 
same species. The identity of the latter will be discussed below. Since 
the band at 3092 is more intense than that at 3071 cm.“i, it undoubtedly 
lies closer to the unperturbed value of the A^ fundamental. 

Species E ^,—^The lowest E" fundamental must be represented either 
by the very strong Raman band at 253*4 or by the weak band at 

32b*o cm.-i, both of which are depolarized. A consideration of combination 
bands favours the former assignment which is tentatively adopted. It is 
hoped to check this assignment by observation of 326 cm.~i with KRS-5 
prism. The strong depolarized Raman band at 594*6 cm.'i must be the 
intermediate E" fundamental. The veiy’^ weak infra-red absorption band 
occurjmg at this place in the liquid may result from a weakening of the 
selection rules by intermolecular forces or may be inteipreted as a differ¬ 
ence band, 845 - 253 = 592 (£')• 

Some difficulty was experienced in assigning the highest E"^ funda¬ 
mental. The Raman band at 829 cm."*!, which has no counterpart in the 
infra-red, can readily be inte^reted as a combination band. Other 
possibilities were similarly eliminated, and it wus finally concluded that, 
unless the E^ fundament^ is masked by one of the strong bands at 993, 

Kohlrausch, Dei' SmekaURaman-Effeht (Julius Springer, Berlin, 1931). 

** Gerhard and Dennison, Physic, Rev., 1933, 43, 197. 
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loio or 1123 it must be represented by the weak Raman band at 

1191 cm.“i of uncertain polarization. This is a higher value than expected, 
and the band could be interpreted as an overtone, 2 X 595 (A^' + £'). 
On the other hand, the assumption that 1191 cm.-^ is an E' fundamental 
leads to satisfactory interpretations of the very weak Raman bands at 
2389 and 2664 cm.“i and of the infra-red bands at 2667 and 1801 cm.-i, 
as well as to alternative interpretations of other bands. This assignment 
is therefore adopted tentatively. It is hoped to check it by normal co¬ 
ordinate analysis. 

The vibrations of this species are at right angles to the plane of the 
molecule. The lowest fundamental may roughly be designated as a 
ring deformation, the intermediate as a C—F wagging, and the highest 
as a C—wagging mode. 

Species E ',—^These planar vibrations are active in both spectra. If 
the Raman band at 253 cm.“^ has been correctly assigned as the lowest 
E^ fundamental, the weak depolarized Raman band at 326*0 cm.*"^ must 
be the lowest fundamental of species E'. It may be characterised as 
a planar ring deformation.* The strong depolarized Raman band at 
502*3 cm.”^, and the strong infra-red band observed at 504 cm.-^ (in the 
liquid state), evidently also represent an £' fundamental. It may be 
roughly characterized as an unsymmetrical C—F bending in the plane of 
the molecule. The medium Raman band and very strong infra-red band 
at 993 cm.“i must also be a fundamental of species E'. The rather low 
depolarization ratio observed is undoubtedly caused by the proximity 
to the very strong polarized Raman band at 1010 cm.-i, and perhaps also 
by overlapping with the overtone 2 x 503 (.^i' -f E'), 

The very strong infra-red band at 1134 cm.-i and the strong depolarized 
Raman band observed at 1121*8 cm.-i certainly represent an E' funda¬ 
mental. The contour of the infra-red band in the spectrum of the gas is 
abnormal and indicates failure to observe the zero branch. The infra-red 
and Raman bands at 1471 cm.-^ must also be assigned as an E' funda¬ 
mental. Its low intensity in the Raman effect is in accord with the j&nding 
that Raman bands associated with vibrations involving largely C—F 
stretching are usually very weak.^ The rather low value observed for 
the depolarization ratio may result from partial overlapping with 3071 cm.”=^ 
excited by the mercury line 4077*7 A, as well as from the high experimental 
error in measuring the polarization of so weak Raman bands. 

The doublet occurring at 1610 and 1631 cm.-i in both spectra of liquid 
1:3: 5-triflluorobenzene must also be ascribed to an E' fundamental. The 
doubling probably results from Fermi coupling, either with a binary £' 
level involving an A 2'^ fxandamental or with 

503 + 1123 = 1626 (Ai' -f + £')• 

The remaining E' fundamental, which may be characterized as an 
unsymmetrical C—H stretching mode, must be represented by the strong 
Raman band at 31 ii cm.-^ and the medium infra-red band observed at 
3io6cm.~i. The low value foimd for the depolarization ratio is rather 
puzzling. It is undoubtedly caused in part by overlapping with the 
polarized bands at 3092 and 3071 cm.-^, but overlapping with a combina¬ 
tion band, perhaps 

1471 -1- 1631 = 3102 (Ai' -f A2' + E'), 
may be a contributing factor. 

^ Note added in Proof .—Using a spectrometer with KRS-5 prism we have 
recently verified the occurrence of the frequency 326 cm.'”^ with considerable 
intensity in infra-red absorption. Thus, there can be no doubt about its assign¬ 
ment as an JE' fundamental. However, contrary to what is stated above, it 
is possible that the corresponding motion is predominantly CF bending and 
that the next higher fundamental, 503 cm,"i may be characterized as largely a 
zing deformation. A similar remark applies to the two lowest fundamentals 
of species F". 



J. RUD NIELSEN, CHING~YU LIANG AND D. C. SMITH 185 

Species —The intense infra-red bands at 665 and 845 cm.-*^ niust 
be interpreted as A ^ fundamentals. The separation between the maxima 
of the rotational branches of these bands for gaseous i: 3 : 5-trifluoro- 
benzene is about 1-4 times the average separation for the three E' funda¬ 
mentals for which it can be estimated, in fair agreement with the theory 
of Gerhard and Dennison.^® The appearance of a very faint Raman band 
at 666 cm.-i probably results from a disturbance of the molecular symmetry 
and weakening of the selection rules in the liquid state. The very weak 
Raman band at 847 cm.“i can readily be interpreted as a binary com¬ 
bination, 

253 + 595 = S48 + A,' -f £')• 

These fundamentals may be characterized roughly as a trigonal deform \tion 
of the aromatic ring at right-angles to its plane and a trigonal wagging of 
the hydrogen atoms. The remaining A^ fundamental must involve a 
corresponding motion of the fluorine atoms and must be so low as to lie 
outside the range covered by the infra-red measurements. Attempts to 
determine it from combination bands have led to the value 214 cm.”^. 
This value rests primarily upon the interpretation of the weak infra-red 
and Raman frequency at 466 cm.-^, for which no other reasonable in¬ 
terpretation could be found, as the sum (species E') of the lowest A^ 
and E^ fundamentals. It is useful in interpreting four other infra-red 
bands and two additional Raman bands, but is, of course, neither as 
certain nor as accurate as the directly observed fundamentals. The fre¬ 
quencies assigned for the 17 active fundamentals are listed in Table III. 

Species A^' (inactive). —^The three fundamentals of this species can 
be determined only from overtone and combination bands. Consideration 
of the work on 1:3: 5-trideuterobenzene ® and mechanical model data ® 
led to the expectation that two of the A^' fundamentals should lie between 
1000 and 1400 cm.“i and the third in the region from 400 to 600 cm.”^. 
The motions associated with the two highest A^' fundamentals may be 
characterized as mixtures of planar trigonal ring deformation and C— 
bending and the third as largely C—bending. 

If it is assumed that the apparent doubling of the highest Ai funda¬ 
mental, at 3071 and 3092 cm.“i, is caused by Fermi coupling with a totally 
symmetrical binary level, the latter must be the overtone of the highest 
*4 a' fundamental and have a value of about 1540 cm.”i. This seems 
rather high. On the other hand, this assignment permits the interpreta¬ 
tion of the Raman band at 2528 cm.-^ as 993 + 1540 = 2533 {£') and the 
infra-red band at 3003 cm.“i as 1471 -f- 1540 = 3011 {E') and leads to 
alternative interpretations of three other Raman and two infra-red bands. 
If this assignment is rejected, no equally plausible explanation of the 
doubling of the highest Ai fundamental appears possible. The assign¬ 
ment is therefore tentatively adopted. 

It seems reasonable that one of the faint Raman bands in the region 
from 2300 to 27oocm."i should be an overtone of an A/ fundamental. 
The exploration of this possibility points to a value near 1300 cm.”®. 
In addition to explaining the very weak sharp Raman band at 2628 cm.-’ 
as the overtone (species A^), this assignment leads to satisfactory inter¬ 
pretations of the infra-red bands at 2294, 2421, 2770 and 2907 cm.”® and 
the Raman band at 2500 cm.”®. Moreover, it offers the possibility of 
explaining the doubling of the E' fundamental at 1610 and 1631 cm.-® 
as resulting from Fermi coupling with 326 -f 1300 == 1626 (£'). This 
assignment is therefore tentatively adopted. The value 1300 cm.-® is 
about what was expected for the highest A fundamental. However, it 
does not seem impossible that it may actually be the intermediate inactive 
frequency.* 

* Note added in Proof .—It has not yet been possible to identify any of the 
corresponding fundamentals in the four other fluorinated benzenes investigated. 
However, in support of the high frequencies assigned to two A^ fundamentals 
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The attempts to determine the lowest A 2' fundamental have been less 
successful. Although several of the values considered, in particular 
490 and 625 cm."^, have provided alternative interpretations of infra-red 
and Raman bands, none has been useful in explaining bands not already- 
interpreted. Although it is possible that a renewed study of the spectra 
of other fluorobenzenes, now in progress, may provide valuable clues, it 
appears that the final determination of the inactive fundamentals must 
await the completion of a normal co-ordinate analysis or additional spectral 
data. 

Interpretation of the Spectra.—On the basis of the 17 active funda¬ 
mentals listed in Table III it has been possible to interpret all but seven 

TABLE III. —Active Fundamental Vibration Frequencies for 
1:3; 5-Trifluorobenzene 



of the 74 infra-red absorption maxima observed for liquid 1:3: 5-tri- 
fluorobenzene and all but two of the 51 observed Raman shifts. The 
interpretations are given in the third columns of Tables I and II. When 
the tentative assignments for the two A 2 fundamentals are also used, all 
but the extremely weak Raman band at 2096 cm.-^ and the faint infra¬ 
red bands at 105S and 2558 cm.-i are interpreted. These can be accounted 
for, in more than one way, as ternary combination bands, e.g., 

214 + 253 + 595 = 1059 + At’ + E") 

and 

3 X 993 + 578 = 2564 [A' + E'). 


the following finding may be pointed out. (a) The frequency corresponding 
to one component of the Rj, ring deformation, 1596 cm.~^, in benzene increases 
with increasing fluorination to 1643 cm.-^ in 1:2:4: 5-tetrafiuorobenzene; 
(6) one com;^n6nt corresponding to Ihe CH bending, 1485 cm.-i, in benzene 
appears to increase in frequency with increasing fiuorination to 1534 cm. 
1:2:4: 5-tetrafiuorobenzene. 
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The interpretation involving the fundamentals have been enclosed in 
brackets in Tables I and II. 

Since the unperturbed frequencies for the highest fundamental and 
the jE' fundamental at 1610 and 1631 cm.“i are uncertain, the observed 
frequencies have been used in interpreting the spectra. As a result several 
ternary combinations occur in the Tables concealed as binary combinations. 
Apart from these, ternary combinations have not been invoked, although 
it is quite possible that some of the observed bands, in particular the four 
infra-red bands interpreted as difference bands, may actually be ternary 
sum bands. 

With a few exceptions, the agreement between calculated and observed 
wave numbers is very close. For several bands more than one interpreta¬ 
tion is possible. However, not all of the alternatives have been included 
in the Tables. 

There are 125 infra-red-active binary sum and overtone bands, 21 of 
which involve the three A ^ fundamentals. The total number of Raman- 
active binary bands is 177, of which 36 involve the inactive fundamentals. 
Thus, it appears that about half of the infra-red-active binaty bands have 
been obser\"ed and somewhat over one-fifth of the Raman-active. Because 
of the rather numerous cases of coincidence or overlapping a considerably 
greater number of binary combination bands has actually been accounted 
for. 


The writers wish to acknowledge their indebtedness to Dr. G. C. Finger 
for the gift of the sample and to hhr. Morris Alpert lor help with infra-red 
measurements. 
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VIBRATIONAL SPECTRA OF CARBON AND SILICON 
TETRAMETHYL AND THEIR MONODEUTERO 
DERIVATIVES * 


By D, H. Rank, B. D. Saksena and E. R. Shull 
Received 26th June, 1950 

Infra-red spectra in the region 3 jn to 15/1 and Raman spectra, along with 
the polarizations and intensities, have been obtained for carbon and silicon 
tetramethyl and their monodenterium derivatives. The infra-red spectra have 
been obtained in the gas phase and the Raman spectra in the liquid phase. 

Assignments of the vibrational frequencies occurring in the spectra of these 
molecules have been made as completely as the experimental data allow\ The 
argument for the assignment of 922 cm.-^ to of the skeletal frame'work vibra¬ 
tions of tetramethylmethane appears to be quite strong as the result of the new 
experimental data. It seems necessary to assign 1250 cm.”^, the other alter¬ 
native frequency for the assignment, to v (CH) for a large number of reasons. 

The behaviour of the totally symmetric vibrations of these molecules casts 
grave doubts upon the correctness of making force constant calculations treat¬ 
ing the methyl group as a single atom in dealing with molecules of this type. 


Tetramethylmethane, because of its symmetrical structme, should 
furnish a key to the analysis of the vibrational spectra of the paraffin 

* This research was carried out on Contract N6onr--269, Task V of the Office 
of Naval Research. 
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hydrocarbons. The Raman spectrum of tetramethylmethane was first 
obtained by Kohlrausch and Barnes.^ These authors were aware of the 
fact that the spectrum they obser\^ed was both incomplete and contained 
spurious hnes. Kohlrausch and Barnes propounded the so-called sum rule 
based on purely empirical grounds to correlate the framework vibrations 

of the parajB&n hydrocarbons. The sum rule is ^ where ^ 

is the sum of the squares of the framework frequencies (vibrations which are 
doubly or tiiply degenerate enter into the sum twice or thrice respectively). 
S is the number of C—C Imks minus one for normal or branched paraffins 
and identically equal to the number of C—C Imks for cyclic hydrocarbons. 
On the basis of the sum rule, Kohlrausch and Barnes were able to make as 
assignment of the framework vibrations of tetramethylmethane predicting 
the existence of a triply degenerate frequency at approximately 400 cm.-^. 

Unfortunately, the sum rule has never been justified theoretically. 
It must be stated, however, that no theoretical reasoning has been applied 
to the analysis of the spectra of small hydrocarbons which shows without 
doubt that the sum rule is invalid. 

Rank ® obtained the Raman spectrum of a good sample of tetramethyl¬ 
methane and found the missing framework frequency to be in almost the 
exact position predicted by the sum rule of Kohlrausch and Barnes. The 
framework frequencies ^3 and W4 according to this assignment are 

335, 415, 732 and 921 cm."i respectively. Wjand are triply degenerate, 

doubly degenerate, and is a single frequency. Kohlrausch and 
Koppl® have made central force field calculations to support the above- 
mentioned frequency assignments. However, the C—C force constant 
obtained by these authors, namely, 2*03 x 10® dynes/cm. seems to be 
much too low to be in accord with our modem ideas of the value of the 
C—C force constant. 

Rank and Bordner ^ obtained the Raman spectra of a number of 
wcopentyl derivatives. Among these was the spectrum of a 50-50 mixture 
of wfiopentane and w«opentane-£?i. Unfortunately, the spectrum of this 
mixture did not yield much information other than to demonstrate that 
new lines appeared, both due to isotope effects and the breakdown of the 
symmetry of the molecule. The last mentioned authors also obtained 
the spectrum of silicon tetramethyl which supported the assignment given 
by Rank * since it was possible to show that the 1250 and 1450 cm.“i 
frequencies remained practically invariant in passing from tetramethyl¬ 
methane to tetramethylsilicon. 

Theoretical treatment has been given to the framework vibrations of 
the tetramethylmethane molecule by Wall and Eddy,® Silver,®* Pitzer 
and Kilpatrick,® Young, Koehler and McKinney,® Rasmussen,^® and most 
recently, Simpson and Sutherland.^! The first three of the above authors 
and the last authors favour an assignment of ^ 1250 cm.-!. Young, 
Koehler and McKinney, and Rasmussen support the original assignment 
of /^92i cm.-! ^th more or less indifferent success. It must be stated 
that all of the calculations with the exception of those of Simpson and 
Sutherland are based fundamentally on the measuiements of Rank.® 
Simpson and Sutherland, however, have made use of empirical correlations 

! Kohlrausch and Barnes, Anal. FIs. Quim., 1932, 30, 733. 

® Rank, /. Chem. Physics, 1933, i, 572. 

® Kohlrausch and K6ppl, Z. physik. Chem. B, 1934, 26, 209. 

® Rank and Bordner, J. Chem. Physics, 1935, 3 # 248. 

® Wall and Eddy, ibid., 1938, 6, 107. 

« Silver, ibid., 1939, 7,113. 

’ Sfiver, ibid., 1940, 8, 919. 

* Pitzer and Kilpatrick, Chem. Rev., 1946, 39, 435, 

* Young, Koehler and McKinney, J. Amer. Chem. Soc., 1947, 69, 1410. 

!® I^mussen, J. Chem. Physics, 1948, 16, 712. 

!! Simpson and Sutherland, Proc. Roy. Soc. A, 1949, 199, lOy. 





Fig. I, —Reproductions of polarization plates of the Raman spectra of carbon ; 
and silicon tetramethyl and their monodeuterium derivatives. 

A, Tetramethylmethane ; B, Tetramethylmethanc-^fi; C, Silicon tetramethyl; 
D, Silicon tetramethyl-^?!. 

W and S refer to “ weak " and ' strong ** components. Lines which are 
depolarized appear with equal intensity in W and S spectrograms. Polarizt'd 
lines appear with less intensity in the W spectrograms than in the strong 
spectrograms. 

{To face page 189 
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from the spectra of hydrocarbons containing the w^npentyl group. Most 
of the infra-red spectra which Simpson and Sutherland have used in making 
their correlations were obtained by Sutherland and Thompson and their 
co-workers and as yet are largely unpublished. The Raman spectra made 
use of by Simpson and Sutherland are largely those obtained in this labora¬ 
tory during the war for analytical purposes (Fenske et 

During the last several years it has become more and more obvious 
that the correct analysis of the vibration spectra of even relatively simple 
poljratomic molecules cannot be accomplished unless the most complete 
possible experimental data are available. The complexity of the molecular 
dynamics and the necessary crude approximations which must be made 
maJke it seem quite doubtful as to the virtue of trusting such calculations 
to fill in gaps in assignments except as a last resort when all experimental 
possibilities have been exhausted. 

It is absolutely necessary to have both complete infra-red and Raman 
spectra along with the polarizations and qualitative intensities if analysis 
is to be attempted. 'S^enever feasible deuterium derivatives can, arid 
probably must, be used to settle unequivocally certain theoretical points 
in the analysis of hydrocarbon spectra. 

Experimental 

We have prepared tetramethylmethane-i?i and tetramethylsilicon-di ap¬ 
proximately 99 % pure by means of the familiar Grignard reaction. Strong 
Raman spectra have been obtained for tetramethylmethane and tetramethyl- 
silicon and their monodeuterium derivatives. The polarizations of all of the 
Raman lines have been obtained making use of a photographic method based 
on the method of polarized incident light described by Douglas and Rank.^® 
The intensities of the Raman lines have been measured with the photoelectric 
spectrograph described by Rank and Wiegand.^* We have obtained the infra¬ 
red spectra of these molecules in the gas phase by means of a Perkin and Elmer 
spectrometer Model 12C equipped with a rock sit prism. 

The results of our experimental investigation of these spectra along with 
the assignment of the frequencies are given in Table I. In Fig. i reproductions 
of the polarization plates for the Raman spectra of the molecules mentioned 
above are shown. Lines which have the same intensities in the spectrograms 
marked W as in those marked S are depolarized. Lines which are weaker in 
the W reproductions than in the S reproductions are polarized lines. Fig. 2 
and 3 show reproductions of the infra-red transmission curves obtained for 
these molecules in the rock salt region, i.e. 3 /* to 15 

It is believed that the frequency measurements in the Raman spectra are 
in almost all cases accurate to ± 2 cm.“^ or better. The infra-red frequencies 
vary somewhat in accuracy throughout the spectrum and are probably not as 
accurate as the Raman frequencies. In addition, small shifts in the neighbour¬ 
hood of the experimental errors occur between the two spectra, i.e. infra-red 
gas, Raman liquid. In our assignment Table I, we have given the observed 
Raman frequency when coincidences were available. For infra-red bands 
the position of the Q branch has been taken for the frequency. In the case of 
for »wopentane-i?i the Q branch occurs at 925 cm.-^ and the corre¬ 
sponding Raman line was measured to be 922 cm.~^ 


Discussion 

A complete treatment of the «eopentaiie molecule shows that we should 
expect to find 19 vibrational modes. Fourteen of these modes should make 
their appearance in the combined Raman and infra-red spectrum. There 
should be three vibrations of the type one of type A a, four of type e, 
four of type /i, and seven of type /a. Vibrations of type A^ are totally 
symmetric and appear only in the Raman effect as polarized lines. Vibra- 

Fenske, Braun, Wiegand, Quiggle, McCormick and Rank, Ind. Eng. Chem, 
(Anal.), 1947, 19, 700. 

Douglas and Rank, /. Opt Soc, Amer., 1948, 38, 281. 

Rank and Wiegand, ibid., 1946, 36, 325. 



CARBON AND SILICON TETRAMETHYL 





D. H. RANK, B. D. SAKSENA AND E. R. SHULL 191 

tionb of type A 2 are antis^Tumetric, of e doubl}" degenerate, and of A 
triply degenerate. Vibrations of type Ai are active only in the Raman 
effect. Vibrations of t3rpe A and A * are inactive in both the infra-red and 
Raman spectrum while those of class A are active in both spectra. The 
\ibrations of class e are active only in the Raman effect. 

The complete theoretical calculations of the modes of vibration of 
the wfiopentane molecule are very complex and have never been seriously 
attempted. The various force constant calculations referred to previously 
in this paper have all concerned themselves chiefly with the treatment of 
the methyl group as a single atom. These calculations fundamentally 



Fig. 2. —Infra-red transmission curves for tetramethylmethane and 
tetramethylmethane-cii. 

Curves were obtained in the gaseous phase by admitting the vapour into 
the case of the spectrometer. The amount of absorption was controlled by 
varying the partial pressure of the gas to show the structure of the various 
bands. 

follow the classical approach of Rosenthal i'. on tetrahedral XY* 
type molecules with certain variations and simplifications. The chief 
point of contention in the fieopentane spectrum is the location of W4 of 
the skeletal vibrations, (i.e. 921 cm,-^ or 1250 cm.”^ which assignment is 
of great fundamental importance in further progress in analysis of the 
spectra of hydrocarbons). 

Before proceeding with a detailed discussion of the observed spectra 
it is necessa^ to discuss the modifications to be expected upon introduction 
of a deuterium atom into the weopentane molecule. Upon introduction of 

^ Rosenthal, Physic. Rev., 1934, 45, 538. 

Rosenthal, ibid., 1934, 4^9 730* 

” Rosenthal, ibid,, 1935, 47, 235. 
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a deuterium atom essentially we shall pass over into the XYgZ type mole¬ 
cule and it is now possible to have only {e) and [a) type vibrations. The 
mall perturbation produced by the single D atom can hardly be expected, 
how'ever. to produce obser\"able splittings tor all the vibrations. Further¬ 
more, it can be expected that the vibrations in the monodeuteride which 
have arisen from /i and yfa classes of vibrations of the group are now 
theoretically active and may appear in the spectrum experimentally to a 
limited extent. Thirdly’-, certain line frequency shifts will occur in passing 
from the hydrocarbon to the deuteride. Unfortunately, these shifts arc 
not calculable from the familiar Redlich-Teller rule which would be ap¬ 
plicable only to a totally deuterium substituted molecule. 

We shall first consider the analysis of the spectrum of Si(CH3)4 since 
in many respects there are many features of this spectrum that allow 



Fig. 3.—Infra-red transmission curves for silicon tetramethyl and 
silicon tetramethyl-(fi. 

Curves were obtained in the gaseous phase by admitting the vapour into the 
case of the spectrometer. The amount of absorption was controlled by varying 
the partial pressure of the gas to show the structure of the various bands. 

unsmbiguous conclusions to be drawn, particularly when the monodeutero 
derivative is considered. The spectrum of Si(CH8)4 breaks up into two 
distinct regions, i.e. frequencies under 700 cm.“"^ and frequencies over 
I20ocm.~i. (The depolarized line of Si(CH8)4 observed at 863 cm.“i and 
855 cm.”i in the monodeutero compound is obviously the combination 
tone arising from the strong frequencies v^{e) -f- fsCA)*) is obvious that 
these vibrations under 700 cm.-^ must be assigned to the skeletal modes. 

Observations of the Si{CHa) 4 ^ectrum show that the Raman lines under 
700 cm.^i have very great intensity and the intensity of the infra-red bands 
at 863 cm.”i and 694 cm.y^ are probably the most intense bands in the 
spectrum. This situation is exactly what one would expect since the intro- 
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duction of the silicon atom into the skeletal framework will give rise to 
unequal charges on the framework atoms and thus produce a very effective 
vibrating dipole. Thus, it is at once apparent that the assignment of the 
skeletal modes must follow the scheme given in Table I. Passing on to 
Si(CH3)3CHaD the assignment of the skeletal frequencies is again im¬ 
mediately obvious. In this molecule, Si(CH3)4->■ vaW 

va(a) which splitting produces the strong polarized Raman line at 609 cm.-^. 
There are indications that a strong infra-red frequency corresponding to 
this vibration makes its appearance since a region of absorption is beginning 
at the end of the rock salt region which absorption does not occur in 
Si(CH3)4. 

The vibrations of Type are completely accounted for in Si(CH3)4 
since resolution of the broad band at approximately 1264 cm.“^ was 
easily achieved on our present plates showing the strongly polarized line 
at 1263 cm.-i and a more diffused depolarized line at 1250 cm.-^. The 
medium intensity polarized line which appears in the spectrum of the 
monodeuteride at 1164 cm.-^ is very probably the combination tone arising 
from the very strong frequencies V2{a) vi(a). The remaining assignments 
of the frequencies of this molecule as far as observations permit is perfectly 
straight-forward and nearly unambiguous. 

The assignment of the frequencies in Si(CH8)4 and its monodeuterium 
derivative, plus certain physical conditions which must be satisfied by 
experimental observations, make the assignment of the frequencies of 
C(CHs) 4 and its monodeuterium derivative feasible without the help of 
any force constant calculations with their attendant approximations and 
uncertainties. 

From the arrangement of the charges on the carbon atoms of the 
w^opentane framework it is to be expected that the lines in the Raman 
spectrum due to framework vibrations, with the exception of the totally 
symmetric vibration, should be relatively much weaker than the corre¬ 
sponding frequencies in Si(CH3)4. Particularly in the infra-red absorption 
spectrum any bands due to framework vibrations will be especially weak 
since the equality of charge presupposes a rather ineffective vibrating 
dipole. It is well known and generally accepted that framework vibrations 
are almost nonexistent in the infra-red absorption spectrum of normal 
paraffins. Simpson and Sutherland have given reasons why a more 
effective vibrating dipole may be present in branched hydrocarbons than 
in straight parafl&ns. However, the incontrovertible fact exists that the 
925 cm.-i kffra-red absorption band of w^opentane is relatively much weaker 
than the 694 cm.-^ band in Si(CH3)4, On the other hand, the bands at 
1250 cm.-i which are present in both molecules are also very strong in 
both infra-red spectra. Furthermore, the 1250 cm.-^ and 1450 cm.“^ 
frequencies are practically invariant in the spectra of silicon and carbon- 
tetramethyl. 

On the basis of the relative ineffectiveness of the vibrating dipole 
alone, i.e. very weak infra-red absorption band, it is practically certain 
that the framework vibration ^4, (vs/a) must be assigned to the 921 cm.-^ 
frequency. However, there is supporting evidence to this assignment 
since a polarized line at 815 cm.”^ appears in the Raman spectrum of 
neo-pentBjD.e-di which is strictly analogous to the behaviour of Si(CH8)4 
even to the extent that vz{a)lv2{e) is a constant for the two molecules to 
nearly one part in a thousand. 

On the other hand, it seems necessary to assign 1250 cm.~i to v(CH) 
for a number of reasons ; 

(i) strength in infra-red absorption band ; 

(ii) invariance of frequency passing from Si(CH3)4 to C(CH8)4 ; 

(iii) hydrogen isotope effect observed by the appearance of a band at 
919 cm.“^ superimposed on the P branch of the 925 cm.”**' infra-red ab¬ 
sorption band in die spectrum of monodeutero Ts^opentane. 

G 
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In support of (lii), there are numerous empirical observations that 
frequently the ratio of the frequency of the CD to the CH stretching fre¬ 
quency is exactly the same as the CD to CH bending frequency.* 

If we assume the ratio of isotopic stretching and bending frequencies 
to be constant, a frequency should appear at 920*5 cm.-^ in the spectrum 
of ^z^opentane-^fi if our assignment of v(CH) in « 50 pentane is correct. We 
have observed an infra-red band at 919 cm.“i in excellent agreement with 
predictions. The corresponding Raman line would, of course, be completely 
obscured by the 921 cm.-^ framework frequency which is relatively much 
stronger in the Raman effect than its analogous infra-red band. The 
calculated position for the analogous band in silicon tetramethyl-^4 is 
926 cm.“^ and it is obscured in the infra-red by the tremendously strong 
and broad combination band with its centre at 855 cm.-i. A search was 
made for the calculated 926 cm.-^ band in the Raman spectrum tetra- 
methyl silicon-d^i. However, if this line exists it is certainly less than 
I /200 the intensity of the strongest line in the spectrum of this molecule. 

We have been forced to assign the depolarized Raman lines at 1217 
and 1298 cm.”^ in Mfopentane-^ii to (e) vibrations arising from the forbidden 
/i classes in fieopentane. The 1217 cm.“^ band has a companion peak at 
1224 cm.~^ in the infra-red spectrum, the origin of which is somewhat 
obscure. It is to be noted that nearly all infra-red bands observed in all 
the spectra reported in this paper showed PQR structure with more or less 
prominence, except the bands above 1500 cm.”^ for which our resolving 
power was inadequate. The observation of a single type of infra-red 
band is completely in accord with theoretical predictions since only one 
class of vibrations is active in the infra-red. The exceptions to this PQR 
structure were the 919 cm.-^ 1217 cm.~^ and 1224 bands in the 

spectrum neopentsjie-di where the overlapping bands made determination 
of II or j. character impossible. 

Advisability of Treating Methyl Group as a Single Atom.—^Various 
calculations on the framework vibrations of tetramethyhnethane have 
been made. All calculations essentially treat the methyl group as a single 
atom. Uniformly the calculations agree on the assignment of Wj, and 
w,. There is, however, wide disagreement on the assignment of some 
authors choosing = 921 cm.~^ and others choosing 1250 cm.-^. In 
any event, the results of the calculations uniformly lead to results which fit 
the experimentally determined frequencies so badly that it is hard to see 
how any of the calculations made up to the present time are capable of 
deciding the assignment of n^. As a further example of the futility of 
treating the methyl group as a single atom, let us examine the experimental 
data on the totally symmetrical vibration of these molecules which cer¬ 
tainly should be the simplest possible case to consider. 

* Wood and Rank noted that this situation applied strictly in the spectrum 
of heavy chloroform. These authors were able to calculate the isotope efiect 
for the hydrogen bending frequency exactly in a simple fashion considering 
suitably chosen diatomic oscillators by assuming that the hydrogen or deuterium 
atom had an efiective mass larger by a small constant amount than the true 
mass of the hydrogen or deuterium atom. The constant was determined from 
the ratio of C—to C—H stretching frequency and then the C— D bending 
frequency was calculated exactly. This crude idea has been made use of by 
Silver » where the tetramethylmethane molecule is treated as a 5 atom tetra¬ 
hedral molecule each methyl group being considered as a single atom. Silver 
makes use of an effective mass of the methyl group which is somewhat greater 
than the true mass in cajrying out his c^culations. The most recent work 
on the tetramethyl type molecules by Sheline and Pitzer and Sheline has 
considered in considerable detail the introduction of an effective mass for the 
methyl group somewhat larger than the true mass in making force constant 
calculations. 

Wood and Rank, ibid., 1935, 48, 63. 

“ Sheline and Pitzer, Chem. Physics, 1950, 595. 

Shdine, ibid., 1950, 18, 602. 



D. H. RANK, B. D. SAKSENA AND E. R. SHULL 195 

In addition to the spectra reported in this paper we have obtained 
coiresponding spectra for the monochloro and monobromo derivatives of 
neo’pentajie and the monochloro derivative of silicon tetramethyl. The 
analyses of these spectra will be published elsewhere. The values obtained 
for the totally symmetric frequencies are given in Table II. 

A well-known formula (see Herzberg allows the calculations of the 
totally s;^Tnmetric frequency in a symmetrically substituted isotopic mole¬ 
cule of the tetrahedral XY4 type. It is generally supposed that in the 
case of a symmetrical isotopic substitution the expression for the frequency 
becomes 



where v, is the isotopic frequency. SM is the sum of the masses of the 
Y atoms and ZMi the sum of the isotopic Y masses. This formula has 

TABLE II.— Totally Symmetric Frequencies for some 
Penta-atomic Type Molecules 

Totally symmetric frequencies are given in Table II in cm.-^ in column 
marked Obs. The calculated values of the isotope shift according to eqn. (2) 
are given in column marked v-v< (calc.) while the observed values are given in 
column marked v-vi (obs.). 


Molecule 

Obs. 

(obs.) 

v - p ^ (calc.) 

C(CH,). 

732 1 


5-8 

C(CH3)3CHaD 

720 

C(CH3)3CH3C1 

C(CHj3CHjBr 

721 

657 

— 

— 

Si(CH 3)4 

593 

j '23 

4-7 

1 

Si{CH3)3CH3D 

570 

Si(CH3)3CH,Cl 

582 

— 

_ 


been shown to hold with high precision for CCI4 by Langseth *2 and Rank 
and Van Horn. *3 Making use of this formula considering the CH3 group 
as a single atom the values tabulated in Table II v-i/,(calc.) were ob¬ 
tained. The observed values for the isotopic ^isopentanes are grating 
measurements and are believed to be accurate to about a tenth of a wave 
number. From the above observation it is immediately obvious that any 
calculation assuming the methyl group to behave as a single atom will 
not represent the facts correctly. 

The strange behaviour of the totally symmetric frequencies of the 
halides of tetramethylmethane and tetramethyl silicon finds plausible 
explanation from electron diffraction work of Bauer. The C—CH3 
distance was found to be 1-54 A db -03 A. The C—CHgCl distance was 
found to be i ’58 A i *04 A for w^opentyl chloride. The implications of 
the electron diffraction evidence and their effect on the spectrum are 
obvious. The increase in the force constant of the stretched C—CH^Cl 
bond nullifies the mass effect of the heavy chlorine atom in the mono¬ 
chloro derivative of carbon tetramethyl. In the bromide, apparently the 
mass is great enough presumably to again take control of the situation. 

“ Herzberg, Infra-red and Raman Spectra (D. van Nostrand Co., Inc., New 
York, 1945). p. 233. 

** Langseth, Z. Physik,, 1931, 72, 350. 

Rank and Van Horn, /. Opt, Soc. Amer,, 1946, 36, 239, 

** Hastings and Bauer, J, Chem, Physics, 1950, 18,13. 
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The results obtained by Bauer for the chloride of silicon tetramethyl 
show no distortion of the tetrahedron. Thus, it does not seem possible to 
explain the even larger discrepancy between calculated and observed values 
for the totally symmetric frequency on the basis of the C—C bond being 
under tension for the silicon molecule. 

The experimental facts mentioned in this paper seem to present a 
firm argument against the assignment of the 1250 cm.~i frequency rather 
to w 4 in the spectrum of wcopentane. 

The authors are indebted to Mr. P. R. Yoder, Jr., for the preparation 
of the figures and to Mr. R. E. Kagarise for making the intensity measure¬ 
ments of the Raman lines. 

Spectroscopy Laboratory, 

Pennsylvama State College, 

State College, Pennsylvania. 


THE RAMAN SPECTRA OF METALLIC NITRATES 
AND THE STRUCTURE OF CONCENTRATED 
SOLUTIONS OF ELECTROLYTES 


By Jean-Paul Mathieu and Mackenzie Lounsbury 
Received yrd July, 1950 

A comprehensive study of the Raman spectra of solutions of metallic nitrates 
at various concentrations shows that the NO3” ions experience some deformation 
as the concentration increases and that in concentrated solutions of most of them 
an equilibrium takes place between two forms of NO3-. The facts can be inter¬ 
preted by assuming that the saturated solutions have a structure very similar 
to that of the hydrated crystals which are deposited from them. 


It has long been known that the formation of ions by electrolytic 
dissociation can be detected by the study of the Raman spectrum in 
solutions of acids such as HNO3I and HaSO^.® In these cases, there is 
a rearrangement of the molecular structure, in agreement with the views 
put forth by Hantzsch. As the concentration of the solutions increases, 
the molecular form, which is that of the pure substance, becomes more 
abimdant than the dissociated form. 

Quite different is the case where the electrolyte is a typically strong 
one, e.g. a neutral crystalline salt dissolved in an ionizing solvent. 
Certain authors have attempted, by means of the Raman effect, to in¬ 
vestigate the presence of undissociated molecules, and of intermediate 
ions such as CaN 08 +, for polyvalent electrolytes. But the idea of the 
molecule is then without meaning, because the pure state of strong electro¬ 
lytes is the ionic crystal. If one admits that the form of the pure sub¬ 
stance becomes increasingly abundant in these solutions as the concentra¬ 
tion increases, then one would expect to find in concentrated solution, a 
structure analogous to that of the ionic crystal, or at least fragments 
of such a structure. In the Raman spectrum, lines analogous to those 
arising from the “ external" vibrations of the crystal would appear. 
Now, a phenomenon of this kind has never been observed. On the other 
hand, when the ions are complex, i.e. composed of several atoms (so that 

^ Rao, Proc. Roy. Soc. A, 1930, 127, 279. 
a Woodward and Homer, ibid.^ 1934, 144,129. 
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they possess charaicteristic vibrational frequencies), these frequencies 
must be alterable by the changes with concentration in the electric field 
created by the charges of the other ions and of the dipoles of the ionizing 
solvent. 


Experimental and Results 

We have studied systematically the influence of concentration on the Raman 
spectra of solutions of metallic nitrates. The complex ion NO 3“ has a plane 
structure in the form of a centred equilateral triangle, and possesses four funda¬ 
mental modes of vibration (Fig. i). Only the totally symmetrical vibration 
Avi, and the doubly degenerate vibrations and Av^ are active in the Raman 
effect. 

The Raman spectrograms were obtained using a Cojan spectrograph with a 
numerical aperture of F/i’9, and a dispersion of about 30 A per mm. Measure¬ 
ments were made of the frequency (Av in cm.-^) of the lines, of their relative 
intensity J, and their depolarization factor p by photographic photometry. 



Fig. I. 


Tables I and X summarize the results of these measurements. The following 
abbreviations have been used ; 

P, polarized line (o < /» < 6/7); 

Z), depolarized line (p == 6/7); 
s, strong intensity; 
m, medium intensity; 
w, feeble intensity; 
b, broad line ; 
w, narrow line; 

N, normality of the solution studied. 

Unless otherwise stated, the temperature was 40® C. 

Analysis of Results.—The preceding results (and many others which do 
not appear in the Tables) may be analyzed in the following manner. 

(i) Only for concentrations of normal or less does the Raman spectrum 
contain no more than three lines corresponding to the three active fundamental 
frequencies. The polarization of the lines is in accord with the theory. The 
frequency Av^ always appears as a broad, diffuse band. Several of these results 
are presented in Table II. 

To the above facts, valid for all nitrates in aqueous solution, may be added 
another which has been observed by various authors the frequency 

Avi of the totally symmetrical line tends towards the value 1048*0 ±0*2 cm."^ 
as the concentration decreases. Thus, in dilute solution, the spectrum of the 
nitrate ion agrees with the form of a centred equilateral triangle. Tins structure 
appears as a limiting case, corresponding to the ion surrounded in an isotropic 
manner by the water molecules of the solution. 

(ii) In every case, the first effect of increasing the concentration is to cause 
a splitting of the band Avs into two others. The band of lower frequency is 
polarized {p o*6 to 0*7) ; the other is depolarized. Results for several cases 
are presented in Table III. 

The splitting of the band Av^ w'hen the concentration increases may be 
interpreted by a cessation of the degeneracy of the fundamental vibration to 
which it corresponds. One finds, as one should, a polarized band and a de¬ 
polarized band, w’hich excludes the hypothesis of a Fermi resonance between 
the frequency Av^ and the first harmonic of AV4. This modification of the 

® Gerlach, Ann. Physik, 1930, 5, 196. 

* Grassmann, Z. Physik, 1932, 77, 616. 

® Grassmann, ibid., 1933, 83, 765. 

« Theimer, Acta Physica Austriaca, 1948, i, 384. 
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spectrum reveals a lowering of the s^Tumetry of the nitrate ion. It is probable 
that this phenomenon is due to the deformation of the electronic envelope of 
the ion bj" its surroundings. The ionic atmosphere is no longer isotropic when 
the concentration is increased : a cation can draw nearer to a particular nitrate 

TABLE I 


(a) LiNOa 


as I 

7x8 {wDn] 

) 1047 (sPn) 

— 

1392 

— 

3-2 

721 (wDn) 1050 (sPn) 

1362 (») 

1438 (inb) 

— 



(6) 

Bc(NOa)8 



- 6-4 

720 {wD) 1051 (sP) 

1342 (wP) 1420 (wD) 

— 



(c) 

Cd(N03)g 



- 7 -x 

715 {wD) 

739 (tnD) 

1051 (sP) 

I30S (WftP) 

1418 (tnD) 



(d) 

CaCNOJa 



•“ 2-2 

717 (wJD) 

740 (itfD) 

1050 (sP) 

— 

1378 (wD) 

4*4 

716 (mD) 

741 (ipD) 

1051 (sP) 

1350 (tnD) 

1430 (mD) 

7-6 

717 (tnD) 

744 (f^) 

1050 (sP) 

1358 

1428 

10-8 

716 (tnD) 

741 (mD) 

1051 (sP) 

1353 

1428 

12*6 

717 (tnD) 

744 («*D) 

1049 (jP) 

1358 

X428 

i6 

716 (tnD) 

746 (mD) 

1050 (sP) 

1358 (tnD) 

1428 (mD) 



(n) 

9 

1 



1*2 

717 P) 

— — 

1048 (sP) 

— 1378 (mDb) — 

5-4 

716 (tnD) 

— _ 

1050 (sP) 

1344 (mb) 1406 (mDb) — 

7-9 

718 (mD) 

756 (wP) 1024 (w) 

1049 (sP) 

1328 (mPb) 1414 (mDb) 1478 (tnb) 

9*9 

719 (wD) 

756 («P) 1024 (wP) X050 (sP) 

13x3 (mPb) 1412 (mDb) 1478 (mDb) 

11*5 

718 (tnD) 

739 (tffP) 1024 («*P) 1050 (sP) 

1313 (mPb) 1413 (mDb) 1478 (mZ)6) 

X 4 

719 (fiiD) 

757 (iwP) 1024 (mP*) 1048 (sP) 

13x5 (mPb) X403 (rnDfr) 1481 



(/) CeCNOa), 



« 3*5 

714 (tnD) 

741 (tnD) Z048 (sP) 

1380 (vD) 

— 

Lt.soln. 

714 (tnD) 

741 (tnD) 1047 («P, double) 

1348 (tnP) 

1463 (mD) 



U) ThCNOa)* 



- 1-3 

714 (mD) 

749 (tPjD) — 

1048 (sP) 

— 1360 (tnD) 

1528 (wPb) 

3*5 

714 (iftD) 

750 («D) — 

1051 (sP) 

— 1368 (tnD) 

X528 (tnPb) 

6*3 

715 (mD) 

751 (»£>) X034 ( tn ) 

1051 (sP) 

1318 (tpD) 1408 

153S (tnPb) 

xo 

713 (wD) 

750 (»»D) 1034 (m) 

1050 (sP) 

1323 (te»Z)) 1408 (tpD) 

1538 (double) 

14*3 

715 (tnD) 

731 1034 (5P) 

1050 (sP) 

1323 (w») — 

1540 (double) 

16*3 

716 (wD) 

751 (mD) 1034 (sP) 

1030 (tnP) 

1317 (vtp) — 

1500 1543 (mP) 


♦Values deduced from the decomposition of the photometric curve (cf. 
Fig- 4)- 


TABLE II 


Cation 

Li 

Na 

Ba 

La 

C11 

N . 

I'O 

1*7 

0-6 

1*5 

1*2 


1047 

1048 

1047 

1050 

1048 ip = 0*25) 

Av* 

718 

714 

720 

720 

717 (/> = 0-86) 

Afj 

1392 

1380 i 

1370 

1383 

1378 (p = 0-83) 


ion than to the other anions and thus form an association by pairs. Although 
Bjerrum considered only Coulomb forces in the formation of ion pairs, the forces 
of induction and of dfepersion are not excluded from pla3dng a part in the 
interaction of ions when they come very close together. 
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One may ask why there is not a similar splitting of the doubly degenerate 
vibration Av^. This does not occur because this vibration should approach 
that of a pure deformation. Now, the study of crystals ’ as well as the theoret¬ 
ical calculations ® shows that vibrations of deformation are alwa3rs much less 
sensitive to variations in the symmetry of the local field of force than are the 
vibrations of valency. 

Thus the Raman effect brings its contribution to the study of a much 
debated question, that of changes in the polarizability of ions in solution. 
Measurements of refraction,® of absorption and of rotatory power have 
been directed towards this question. In particular, BSttcher, from a detailed 


TABLE III 


Cation 

Na 

Li 

Ba 

Sr 

Zn 

Cu 

Al 

N . 

7-6 

3*2 

6-4 

3*8 

6-9 


3*9 

Avg 

/1357 

\1410 

1362 

1438 

X342 

1420 

1353 

1423 

1340 

1408 


1315 

14Z0 


study of the internal electric field in fluid dielectrics, has attempted recently 
to draw the conclusion that the polarizability of ions and of simple molecules 
is not influenced by their surroundings.^ Although calculations based on the 
nutnerical data of refraction show that the mean polarizability of the nitrate 
ion in fact does re m a in constant in solutions of alkaline nitrates,'* our results 
scarcely pernut us to think that the same is true of all the terms of the tensor 
of polarizability and for the derived tensor. The study of the Rayleigh radi¬ 
ation from solutions of NaN03 “ gives similar indications. 

(iii) Above a certain concentration, which depends on the nature of the 
cation, more profound modifications appear in the spectra of the nitrates of 
certain polyvalent cations. 


TABLE IV 


Cation 

Ca 

Cn 

Ce 

La 

Th 

N . 

10-8 

13-0 

Sat. 

8-8 

14*3 

A 

Av/ . 

1428 

1481 

1463 

1461 

t -- — V 

X500 1543 

p . 

0-83 

0*93 

D 

o «82 

D ? 0-55 


{a) One or two new bands, as broad as the bands Avs, appear at frequencies 
Avj', which are a little higher than Av^ (Fig. 2 and 3) as shown m Tables I and IV. 

(b) There appears a new line, of frequency Av/ a little higher than Av^ (see 
Table V), which several authors have already observed.*.Its frequency de¬ 
pends on the cation, but not on the concentration. On this point, our measure¬ 
ments for Ca(N03)2 agree with those of Grassmann * and of Nisi,” but not of 
Bauer.'* We have not found the frequency claimed by Ollano and Frongia '® 
for Ba, Mg and Al. 

^ Couture, Ann. Physique, 1947, 94- 

* Bauer and Magat, J. Physique, 1938, 9, 319, 

* Fajans, Trans. Faraday Soc., 1927, 33, 357. 

'* von Halban and Eisenbrand, Z. physik, Chem,, 1928, 132, 401. 

" Kortllni, Pas Optische Verhalten geloster Elektrolyte (Enke, Stuttgart, 1936). 

'*Darmois, Progrds recants dans Vitude de la structure des solutions ilectro^ 
lytiques (A.S.I. No. 785) (Hermann, Paris, 1939). 

'* Bdttcher, Physica, 1942, 9, 937. 

'* Bbttcher, Rec. Trav. Chim., 1946, 65, 14. 

'* Mathieu and Lelong, Compt. rend., 1943, 3l6, 800. 

'* Bauer, Magat and Silveira, ibid., 1933, 313* 

Nisi, Proc. Phys. Math. Soc. Japan, 1933, 

'* Ollano and Frongia, Nuova Cimento, 1933, 10, 306. 


















In addition, the measurements of the relative intensity of the lines as a 
function of concentration do not agree with such an hypothesis. The intensity 
of the bands Avi', Avg' and Av*' increases relatively much more quickly as a 
function of the concentration than does that of the bands Avi, Avg and 
This phenomenon occurs simultaneously for the three frequencies. Fig. 2 
and 3 show this for Cu and Th in the region Avg; Fig. 5 and 6 do likewise for 
Ca and Th in the region Av^ (see later). When the line Avi' is not clearly separ¬ 
ated from the line Avi, its appearance and its increase in intensity cause a dis¬ 
placement of the centre of gravity of the two lines, which varies continuously 
with the concentration. This renders doubtful the conclusions which have been 
drawn ® from variations in the frequency of Avi. 

Existence of Two States of the Nitrate Ion. —^The preceding facts 
suggest that, in concentrated solutions of certain nitrates, at least two states 





























JEAN-PAUL MATHIEU AND MACKENZIE LOUNSBURY 201 

of the nitrate ion exist. The passage from one state to the other is discontinuous, 
as is shown by the constancy of the frequency of the lines, particularly 
Av* and Av/. (The diffuse bands Avs do 
not lend themselves so well to a precise 
measurement,) A progressive variation of 
the dynamic parameters, due to an increasing 
deformation of the nitrate ion, would involve 
a continuous modification of the frequency 
of the lines.* 

Let us suppose then, that the intensities 
J and J' of the lines Av^ and Av/ are pro¬ 
portional respectively to the numbers n and 
n' of the two forms of the nitrate ion, as 
expressed by 

a = J'/J = n'Jn. 

Fig. 5 and 6 show the variation of the 
ratio a = I'JI as a function of the concentra¬ 
tion. The relationship is linear, -which gives 

nin' = • • • (i) 

where tiq ^ n . . (2) 

We have investigated the influence of 
various factors on the proportions n and »' 
of the two forms of the nitrate ion. 

(i) The addition of an electrolyte having 
one ion (either cation or anion) in common 
with the considered nitrate increases the 
ratio a just as a simple increase in con¬ 
centration does. This result (see Table VI) 
agrees -with that of Bauer and of Grass- 
mann.* 

(ii) The addition of neutral salts (i.e. 

-without a common ion) likewise increases 
the ratio <r, but less than in the preceding 
case. Some results are given in Table VII. 



Fig. 4. 

Upper curve : solution. 
Lowrer curve : crys-fcal. 


(iii) A rise in temperature increases the ratio a as does the addition of salts, 
as indicated in Table VIII. 



• Let us recall that the hypothesis of two forms of the nitrate ion has been 
made in order to explain the absorption spectrum. 

G* 
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TABLE VI 


7-00 A 

7*00 A 
1-34 B 

8-34 A 

6-35 A 
2-42 c 

8-77 A 

5-10 A 9-66 A 

4*561> — 

a 0 

0-3 

0*3 

0*37 

0*32 

0*35 0-35 

(A = Cu{N04L, b = 

RbNO^, 

C = 

CuSiFj, ] 

D - Cu(C103)2.) 

4'40 E 

4*40 E 
7*o8 F 

11-48 E 1 




a 0*49 

i-i 

1-2 




(E = Ca(NOj)„ F = HNO,.) 





TABLE VII 


N 

^4-40 E 

4-40 E 
2-55 G 

4-40 E 
2-55 H 

6-05 E 

6*34 K 6*34 K 
- 3*64 H 

9-98 K 

a 

0-56 

0*67 

0*82 

1-04 

1*0 1-2 

1-6 


(E = Ca(NO,),. G = CsCl, H = LiCl, K = Th(NO,)4.) 


TABLE VIII 


Solution. 

N 





Ca(N08)2 

4-40 


40 

0-49 

70 

0-56 

—. 


6*^ 

CT^C 

43 

65 

95 




0-96 

I-I 2 

1*27 











External 

Lines 


Crystal '****®®^^ 


Soln.^N • 

I 


Hs 


Cu {m,)2 


Hydrate 

^Band 


§0 5 : 

II III 



Fig. 7. 



Fig. 8. 
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Discussion 


Nature of the Two States of the Nitrate Ion.—(i) The experimental 
results do not agree with the hypothesis of an electrolytic dissociation 
following Ostwald's law. This law leads, at a given temperature, to 
the relation 


I — a 


a» 


Ano, 


where a = njn^ and i — a = ; whereas relations (i) and (2) give 

the following: 



Similarly, the influence of neutral salts does not occur in the direction 
predicted by the theory of dissociation. On this point our experiments 
confirm the conclusions of Bauer. 

(ii) It could be admitted that, in concentrated solution, some cation- 
anion associations are formed -which are closer than those whose existence 
Bjerrum has supposed, in that they would be formed without interposition 
of water molecules. They -would differ, however, from undissociated 
molecules or from ionic molecules in that their formation would involve 
onl}” electrostatic forces, account being taken of the polarization of the 
ions. Let us suppose that the frequencies Lv' (740, 1030, 1500 cm.-^) 
are characteristic of -these associations and the frequencies Av (715, 1050, 
1400 cm.-i) characteristic of the non-associated nitrate ions. If the 
associated form possesses only three frequencies, then it must retain to a 
high degree the ternary symmetry. This condition is satisfied if the 
cation M is placed on the axis of the nitrate ion and not in its plane. 
If the valence force system is used to calculate the nitrate frequencies, 
the direction, Av -> Av', of the variation in frequencies can be explained 
by admitting a decrease in the force constant / of the valence bond and 
an increase in the deformation force constant d. But the pre-vious 
hypothesis leads on the contrary to a decrease in /. The frequency A^i 
is expressed as follows : 

Aki = Vf]m, 

where m = mass of an oxygen atom. Placed in the non-uniform field 
H of the cation M, each of these atoms, of negative charge e, is subjected 
to a force of attraction proportional to its elongation s -with a coefficient 
equal to e6H /ds and the frequency Ayj undergoes a change : 


AVI'* — A^i =s 


e m 
2;»Avi * ds ‘ 


As dff/ds > o and e <0, the frequency must increase. Thus it is evident 
that the elementary electrostatic considerations cannot account for the 
observed facts. 

On the other hand, the hypothesis of a cation-anion association by 
contact does not easily explain the specific differences in the action of 
each cation. One would expect, for example, the electrostatic effects to 
increase -with the polarizing power of the cation, as measured by the ratio 
q/r of its charge to its radius. 

Now the order of increasing values of qfr in no way corresponds to 
that of the appearance of the second state of the nitrate ion in the solu¬ 
tions of -these cations at comparable equivalent concentrations. In 
particular, the cations A 1 and Be -with great polarizing power, produce 
no important modifications of the nitrate spectrum. Neither can one 
understand by the hypothesis of association by contact, why the line 
AV4', for example, is in most cases depolarized, but in other cases polar¬ 
ized as it is in the nitrate solutions of copper and of mercury. 
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(iii) Several authors have already compared the spectra of 

nitrate solutions to those of crystallized mtrates. The comparison has 
rested solely on the line Avj and usually for the powdered crystals. On 
this subject, Gerlach has stated two facts, {a) In dilute solution, the 
frequency tends towards the value which it has in the crystallized 
nitrates of large cations. (6) With the introduction of water of crystal¬ 
lization into a nitrate, the frequency Av^ approaches the value which it 
has in dilute solutions. 

We have extended this comparison to much more complete spectra, 
obtained from single crystals. In general, there is no strict relationship 
between the spectra of the saturated solutions and those of the anhydrous 
nitrates, as shown in Table IX. For each cation, the first column gives 
the frequencies observed in the concentrated solution, the second in the 
anhydrous crystal. On the contrary, the spectra of nitrate solutions and 
of the hydrated nitrate crystals, which grow in them at ordinary tem¬ 
peratures, are quite analogous. Rousset and his co-workers have 
already made a similar observation with copper sulphate. The analogy 
may be drawn from the results presented in Table X. 

Consideration of the results given in Table X suggests that, as the 
concentration of the solutions increases, the disposition of the nitrate 

TABLE IX 


Li 

Na 

K 

Rb 

Ca 

Sr 

Ba 

Pb 

(20) 

(3) 


(30) 

(19) 

(20) 

(17) 

(17) 

(3) 


M 


(21) 


(21) 

720 

— 

717 

728 

730 

713 

— 

— 

— — 

718 

715 

-- 

703 

— 

704 

— 

— 

— 

— 

— 

— 

— 

— 

— — 

735 

736 

72X 

731 

717 

730 

1051 

1086 

1050 

1070 

1049 

Z048 

1048 

1056 

1050 1064 

1050 

1055 

1047 

1048 

1044 

1049 

— 

— 

1357 


— 

1340 

— 

— 

— — 

— 

— 

1323 

— 

— 

1327 

1357 

— 

14x0 

1390 

1357 

1354 

— 

— 

— — 

1353 

1369 

— 

1356 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— — 

— 

1403 

— 

1387 

1390 

1395 






" 1 




1433 

1423 

1463 

Z412 




ions tends towards that which is characteristic of the hydrated crystals 
which are deposited from the saturated solutions. 

The Quasi-crystalline Structure of Concentrated Solutions.—^Let us 
try to make more precise the preceding idea. 

(i) By X-ray diffraction, Prins ** and then Beck have detected 
some regularities in the arrangement of ions in aqueous solutions of electro¬ 
lytes. Prins obtained the most definite results with thorium nitrate. 
These may be interpreted by assuming that the Th ions, surrounded by 
the other constituents of the solution, form close packings, whose dis¬ 
tribution is statistically regular and homogeneous. These experiments 
give information on the distribution of heavy cations. Ours, based on 
the diffusion of light by anions, complete them and allow more precise 
conclusions. If the interpretation which we propose is accurate, then 
the structure given as possible by Prins must be replaced by that of the 
hydrated crystal. 

^ Rousset, Lochet and Magne, Compt. rend., 1947, 324, 270. 

“ Magat, Tables annttelles de consiantes—Effet Raman (Hermann, Paris, 1937). 

Couture and Mathieu, Ann, Physique, 1948, 3, 521. 

Prins, 7. Chem, Physics, 1395, 3, 72. 

** Prins and Fonteyne, Physica, 1935, 3, 570. 

** Beck, Physih Z,, 1939, 40, 479. 
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(ii) The specific action of the various cations may be probably ac¬ 
counted for by the differences between the crystal structures of the salts 
which we have studied. It is likely that none of them are isomorphous. 
Unfortunately, the crystal data on the hydrated nitrates are yet incomplete 
and the structure of none of them is known. 

At least their Raman spectra provide some information. The existence 
of two lines of the same type in the neighbourhood of the symmetrical 
frequency Avi in the spectra of the nitrates of aluminium, copper and 



TABLE 

X 





Lithium Nitrate, LiNOs. 3H2O 







7 N soln. . 

720 — — 

1051 

— 

1357 

— 

1422 

— 

Crj’stal 

717 __ — 

1054 

— 

1332 

— 

1416 

— 

Fused crystal . 

722 — — 

1055 

— 

1370 

— 

1440 

— 

Calcium Nitrate, Ca(N08)2.4H2O 







16 N soln. 

716 746 — 

1050 

— 

1358 

— 

1428 

— 

Crystal 

721 746 — 

1052 

— 

1354 

— 

1424 

— 

Zinc Nitrate, Zn(N03)2.6H2O 







7 N soln. . 

719 — — 

1050 

— 

1340 

— 

1408 

— 

Crystal 

710 to 720 

1053 

— 

1350 

— 

1370 

— 

(double ?) 







Copper Nitrate, 
13 N and 14 N 

, Cu(N 03)8.9H2O 







soln. 

719 757 1024 

1048 

— 

1315 

1405 

— 

1480 

Crystal 

720 755 1020 

1047 

1284 

1325 

1381 

1440 

1498 

Aluminium Nitrate, A 1(N08)3 . gHjO 






4 N soln. . 
Crystal 

719 — — 

1050 

— 

1315 

— 

1410 

— 

730 — 1046 

1057 

— 

1321 

1388 

1434 

— 

Fused crystal . 

721 — — 

1050 

— 

1323 

— 

1435 

— 

Cerous Nitrate, 

, Ce(N03)3.6H2O 







Sat. soln. . 

714 741 1047 (double) 

— 

1348 

— 

1468 

— 

Cr3rstal 

716 738 1044 

1054 

— 

1353 

— 

1444 

— 

Thorium Nitrate, Th(NOs)4.4H2O 






16 N soln. 

{716) 751 1034 

(1050) 

— 

(1370) 

— 

1500 

1543 

Crystal 

714 748 1036 

— 

— 

— 

— 

1487 

1542 

Zinc Neodymium Nitrate, Zn8Nd2(N03)i2 

. 24 H2O * 




2*5 N soln. 

716 746 — 

1048 

— 

— 

— 

— 

— 

Crystal 

719 749 1041 

1045 

— 

— 

— 

— 

— 


♦ In this case, the selective absorption of the Nd+++ ions does not permit 
the determination of the frequency of the bands situated in the region 1300-1400 
cm.~^ for the solution. 

cerium allows the conclusion, for example, that the crystal lattice con¬ 
tains at least two families of nitrate ions, whose surroundings do not 
possess the same symmetry. These structural details are found in the 
saturated solutions, certainly for the copper salt and probably for that of 
cerium. On the other hand, the line Avi which is still present, though 
feeble, in the concentrated solutions of Th(N08)4, has disappeared in the 
spectrum of the crystal. 

Naturally, the regular surroundings which we assume for the nitrate 
io^ has a statistical character; there are important instantaneous fluctu¬ 
ations about the mean distribution of the ions and molecules. This ex¬ 
plains the fact that the Raman lines always have a much greater width 
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for the solutions than for the crystals (Fig. 4). In particular, the width 
of the high frequency bands in the copper nitrate solutions (cf. Fig. 2) 
can mask the splitting into lines w-hich one observes in the cry^stal. 

(iii) Prins emphasizes that his conception of the state of solutions 
is quite opposed to that which envisages microscopic nitrate crystals 
dispersed in a disordered medium.®® From our experiments, it is not 
possible to draw such definite conclusions : where quantitative measure¬ 
ments are available, it is found that the ratio of the intensities of the 
lines is not always the same in the crystal as in the saturated solutions. 
For instance, the ratio a has the following values * : 

Ca(N03)a: Solution (16N) i-8 ; Crystal (i6'iN) 2*2. 

Th(N03)4 : Solution (i6-3N) 2*5 ,* Crystal (20N) 5. 

It is hardly possible to tell whether such differences are due to the in¬ 
fluence of the fluctuations in the liquid state or to the superposition of 
the spectrum characteristic of the crystal on that of the solution. 

(iv) In addition to the lines characteristic of the complex ions or 
molecules, there appear in the diffusion spectra of iojoic or molecular 
crystals, external lines corresponding to oscillations of the lattice, 
in the course of which the ions or molecules execute translational or 
rotatonal vibrations.The spectra of hydrated nitrates are rich in 
such lines,** whose frequency varies from 40 to 200 cm.-^ (13 lines for 
aluminium nitrate, 12 for the double nitrate of zinc and neodymium), 
see also Fig. 7. These external Imes are not found in the spectra of ajiy 
of the solutions. Doubtless the reason is that because these vibrations 
bring forces or couples of interionic or intermolecular attraction into 
play, their frequencies are sensitive to fluctuations in density; and as 
these lines are numerous, their increase in width is sufficient to obscure 
them in a continuous spectrum. 

Interpretation of the Influence of the Various Factors.—(i) The effect 
of the elevation of temperature on the Raman spectrum of the solutions 
studied shows that the modification of the nitrate ions by the increase 
in concentration is accompanied by an absorption of energy AD. The 
change in heat content 

AH = AD - TAS 

may be calculated from the data of Table VIII, by means of the van*t 
Hoff equation: 

AH = j . . (logo H, - log. H,) 

where K = «'/« = I'll, 

For Th(N08)4, AH = — 1200 cal./mole. 

In principle, one might attempt to evaluate AH' theoretically for a 
given solution from the difference between the heat content of the quasi¬ 
crystalline state and of the disordered state. But certain of the necessary 
data, such as the lattice energy and the heat of fusion are unknown; 
others, such as the mutual potential energy of the ions in solution, are 
difficult to calculate correctly; only the energies and entropies can be 
estimated.** Theimer,* who has attempted some calculations of this 
in the h3rpothesis of an incomplete dissociation, recognizes that 
they are too uncertain to justify their use. 

* These values are only approximate, because they refer to a single crystal 
in a given orientation and may vary with the orientation. 

** Mathieu, Spectres de vibration (Hennaim, Paris, 1945). 

« Stewart, J. Chem, Physics, 1934,1:47- 

*' Rousset, La diffusion de la IwnUre (Gauthier-Villars, Paris, 1947). 

** Mathieu, Compt. rend,, 1949, 229^ 1068. 

■* Bernal and Fowler, /. Chem, Physics, 1933, 5i5* 
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(ii) The action of electrolytes having an ion in common with the 
nitrate studied (Table VI) may be interpreted as that of an increase in 
concentration. As for the influence of foreign electrolytes (Table VII), 
which is contrary to the hypothesis of an incomplete dissociation,^* it 
acts in an indirect manner, and one can think that it favours the approach 
of a nitrate ion to a cation by dehydrating them. We have observed, 
in fact, that this influence is stronger for LiCl (small cation, strongly 
hydrated) than for CsCl (voluminous cation, weakly hydrated). 

Laboratoire des Recherches Physiques^ 

Sorhonne, 

Paris. 


GENERAL DISCUSSION 

Prof. R. Mecke (Freiburg t. Br.) said : I should like to ask Prof. H. H. 
Nielsen whether any tertiary derivatives of arsine (AsRiRaRs) are known 
which show optical activity ? This would settle the question of a high 
potential barrier for AsHj. As is well known, no simple tertiary deriva¬ 
tives of NH3 showing optical activity can be found on account ot the 
inversion of the ammonia molecule. 

Prof. G. B. M. Sutherland (Michigan) said : Prof. Nielsen's paper 
is extremely important in connection with the problem of determimng 
the height of the ^tential barrier hindering the inversion of the arsine 
molecule, which is in turn related to the feasibihty of obtaining optically 
active derivatives of arsine. Without the complete analysis which Prof. 
Nielsen has made of the fine structure of certain key bands in phosphine 
and arsine, it was natural to assume that these contained two Q branches 
the separation of which might be used to give information on the inversion 
potential in both these molecules. Now that it has been shown that 
only one of these Q branches is real in each case and that the other arises 
from an accidental conglomeration of rotation lines, some other method 
of attack on the problem of the inversion potential must be sought. 

In this connection, I should like to report some preliminary results 
obtained by Mr. C. C. Costain and myself in an attempt to derive the 
height of the inversion barrier from deformation force constants. If 
one assumes that the molecule inverts by gradually increasing the amplitude 
of the symmetrical deformation frequency, then the force constant derived 
from this frequency can be used to plot a parabolic potential of the form 
V = k(rY on either side of the planar coiifiguration. If this is done for 
a mm onia, the calculated barrier diflers only by 2 % from that derived 
from the inversion splittings by the Manning ^ potential function, viz. 
2070 cm.-1. This remarkably close agreement encouraged us to make 
similar calculations for phosphine and arsine. The corresponding barrier 
heights come out to be clcse to 6000 cm.-^ and 17000 cm.”^ respectively. 
If these results are now used to predict the splittings which should be 
observed in the various vibrational levels of the symmetrical deformation 
frequency in each molecule, it appears that in phosphine the fundamental 
should have a splitting of 4*7 x io-« cm.-i and in arsine of 6 X io-**cm.~i. 
It is •^erefore not surprising that Prof. Nielsen finds no sign of inversion 
splitting in the fine structure of these bands. However, the inversion 
splitting increases very rapidly as one goes to higher vibrational levels 
(i.e. comes nearer the top of the potential bander) and for the 5th vibra¬ 
tional level of the deformation frequency in phosphine the splitting is 
computed to be about 33 cm.”^. It would seem worth while to examine 
some of the higher overtones of this frequency with a very long absorption 
path in order to get confirmation of this method of attack. 

Dr. G. Herzberg (Ottawa) said : In view of the high precision of the 
data obtained from microwave spectra it appears of interest to compare 

^ Manning, J. Chem, Physics, 1935, 3 » 
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these data with those obtained from photographic infra-red spectra in 
cases where both have been studied. In the photographic infra-red the 
high dispersion of large diffraction gratings can be used and the data 
obtained have, in a few cases, an accuracy up to i in 10,000. The follow¬ 
ing Table gives the rotational constants jBq as determined from infra-red 
and microwave spectra as well as the differences between these two 
quantities. The data given have all been transformed to the same units 
to facilitate the comparison. It must be remembered that the microwave 
spectrum gives usually only 2R0 — 4-Do* several cases the photo¬ 
graphic infra-red spectrum does give Do separately and in these cases the 
microwave values have been corrected accordingly. It is seen from the 
Table that the agreement is most satisfactory and well within the accuracy 
assumed for the infra-red values. For HCN there are two Bq values in 
the literature obtained from photographic infra-red spectra, but only 
one of these ® agrees exactly with the microwave value. 

The excellent agreement between infra-red and microwave values 
gives one confidence in the accuracy of the infra-red values even for 
symmetrical molecules which cannot be investigated by microwave 
spectroscopy. For non-symmetrical molecules the microwave spectrum 


TABLE I.— Rotational Constants determined from Infra-red and 

Microwave Spectra 


Compound 

Infra-red ([.) 

Microwave (M.) 

I 

I. - M. 

CO 

1*9^265 

j 

I-9226245* 

—0-0000j5 

ICl 

0-11389 t 

0-1138940 

—O-OOOOO4 

HCN 

/ i- 4789 o\ 

\ 1-4779 / 

1-47896* 

f —O-OOOOo 
\ —-O-OOIOo 

NjO 

0-4191,, 

0-4190340,* 

-l-O-OOOOol 

CHFo 

o-345i« 

0-345218,* 

—O-OOOOoo 

CHgCCH 

0-2848 

0-28501 

— 0 - 0 OO 2 i 

HNCO 

0-36664(0 

0-36664 

—0-00019 


cm.-i 

cm.-^ 

cm.-^ 


* Corrected with Dq from infra-red. 
t From electronic absorption bands. 


in general does not lead to a value of corresponding to the equilibrium 
position while the infra-red spectrum does yield such values. 

It should be remarked that the microwave values given in the Table 
are based on the value c = 2-99776 x 10^® cm./sec. for the velocity of 
light. If the value 2-99796 x lo^® cm./sec. recently suggested is used a 
slightly worse agreement of infra-red and microwave values is obtained. 

Dr. H. W. Thompson {Oxford) {partly communicated) : In my intro¬ 
ductory remarks I gave the impression that rotational constants of simpler 
molecules determined from microwave measurements were more exact 
than those derivable from vibration-rotational bands in the infra-red. 
As Prof. Herzl^rg now points out, this may be a somewhat pessimistic 
view. It is quite true that from measurements on overtone and combin¬ 
ation bands in the photographic infra-red region, the higher accuracy of 
wavelengths measurement should enable us to get more accurate values 
of Bo, the rotational constant in the ground state, but measurements on 
the fundamental vibration bands may be less exact. In the course of 
a re-examination of the band of nitrous oxide at 4-5 fi, using the very 
high resolution obtainable with a grating spectrometer and lead telluride 
detector, Mr. Williams and I found a value for B© rather higher than that 
suggested by microwave measurements. The question is whether Bo 


• Jlerzberg and Spinks, Proc. Roy, Soc. A, 1935, 147, 434. 
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can be determined to the fourth decimal place in cm.~^. Perhaps the 
discrepancy is caused by insufficiently accurate wavelength calibration. 

We have now re-examined our data on nitrous oxide and other mole¬ 
cules with most interesting conclusions. If as wavelength standards^ in 
the region of 4*5 /x we use the values for rotational lines of carbon monoxide 
calculated by Herzberg from his exhaustive study of the overtones and 
combinations, we then obtain a value for Bq of nitrous oxide in perfect 
agreement with microwave work. It seems definite therefore that some 
of the standards previously laid down by other workers, such as the lines 
of carbon dioxide and carbon monoxide, are unsatisfactory. This is 
borne out too by our results with other molecules, and complete details 
of this work will shortly be published elsewhere. 

Dr. H. W. Thompson {Oxford) said: Could Prof. Plyler give us any 
further details about the optical properties of the new caesium bromide 
crystals, such as its dispersion characteristics ? 

Prof. C. A. Goulson {King’s College, London) said : Prof. E. Bright 
Wilson has quite properly pointed out in his paper the interesting way 
in which nuclear quadrupole effects may be used to tlirow light on certain 
aspects of chemici valence. We must, however, be careful not to claim 
more in this field than can be justified. Thus the quadrupole coupling 
coefficient measures the lack of spherical symmetry in the distribution 
of valence electrons around a particular atom (e.g. Cl in CHgCl). In 
this molecule we cannot therefore infer anything about the degree of 
s—p hybridization in the C—Cl bond, as is sometimes incorrectly sup¬ 
posed, but only about the total asymmetry, including aU the bonds from 
this atom and all the non-bonding electrons also. Indeed, it is not 
difficult to show that, in general, it is only when there are one or more 
pairs of non-bonding electrons that we shall be able to make any in¬ 
ferences from quadrupole coupling measurements : and even then they 
tell us nothing directly about the hybridization in the bond, or bonds, 
but only about any possible change in the sum total of all s, . 

electrons around the atom. 

Prof. D. P. Homig {Brown University, Rhode Island) {communicated ): 
Since writing that section of my paper on the structure of the HCN 
crystal I have been informed by Prof. W. Lipscomb that preliminary 
X-ray studies of this crystal show the structure described there to be 
incorrect. According to the X-ray determination the structure below 
— 100® C is orthorhombic with two molecules per unit cell, consisting of 
parallel chains of HCN molecules, each of which lies on a Ca axis. This 
structure is consistent with the reasoning presented in my paper but had 
been excluded because it was considered physically unreasonable for the 
four chains adjacent to any given chain to be situated at different distances. 

Dr. G. L. Got 4 and Dr, H. W. Thompson {Oxford) {communicated) : 
In connection with the work of Homig, we may mention that we have 
recently measured the spectra of the borofluorides of sodium, potassium 
and ammonium, and of the bifluorides of potassium and ammonium, 
between room temperature and that of liquid air. From the effect of 
temperature on some of the bands we have been able to observe splitting 
of degenerate modes in the crystal state and also to identify certain 
modes. With ammonium borofiuoride we appear to have split a fre¬ 
quency of the ammonium ion quoted by Homig as being single, and in 
the case of potassium bifluoride our results provide further evidence that 
the bifluoride ion is symmetrical. Details will be given shortly elsewhere. 

Dr. A. Kastler {Paris) said: Dr. Homig has shown that, in the infra¬ 
red spectra of crystals, combinations between internal and lattice vibra¬ 
tions have been observed from which the frequencies of the lattice vibra¬ 
tions can be deduced. As he points out, the knowledge of the torsional 
frequencies of the ions and molecules in the lattice enables us to calculate 
the intennolecular forces acting in the crystal. The investigations of 
the low frequency lines in the.Raman spectra of crystals give direct 
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information on torsional frequencies ® and two interesting attempts have 
been made recently to deduce lattice forces from these results : a detailed 
investigation of the low frequency Raman spectra of aromatic crystals 
and their interpretation led Dr. Fruhling * to the conclusion that in the 
benzene cr^'stal the value of the force constants between hydrogen atoms 
of neighbourmg molecules is of the order of 4 x 10® dyne cm.“^. For an 
inorganic crystal Giulotto and OlivcUi ® were able to show that the inter¬ 
pretation of the low frequency Raman lines of calcite leads to force con¬ 
stants of the order of 4 X 10* dyne cm.“i for the forces acting between 
the Ca ions and the O atoms of the CO 3 ions in the crystal. It is inter¬ 
esting to compare these intermolecular force constants with the constants 
of intramolecular bond-forces which are known to be of the order of 10* 
to 10* d5me cm.-i. The macromechanical properties of crystals (their 
hardness) are related to the intermolecular forces, and it is a well-known 
fact that organic crystals, where these forces are small, are of low hardness. 
Benzene crystals can be cut with a knife. 

Dr, D. W. E. Axford (Maidenhead) and Dr. N. Sheppard {Cam¬ 
bridge) (communicated) : Prof. Homig has pointed out in his paper that 
frequencies observed in the infra-red and Raman spectra of a rigid mole¬ 
cule in the liquid state may disappear on transition to the solid state 
because of the operation of more strict selection rules in the crystal 
lattice. Because of this possibility, he suggests that caution must be 
exercised in deducing the existence of rotational isomers in the liquid 
state from the observation that the solid state spectrum of a molecule 
has fewer frequencies than exist in the liquid. 

This is a valuable comment, but in case it should be interpreted too 
generally as reducing the significance of such evidence for rotational 
isomerism in specific cases, it is perhaps worth while to consider the prob¬ 
able extent to which such changes in selection rules could modify the 
spectra. 

Since in the crystalline lattice a molecule is in a less S3rmmetrical 
environment than in the isolated (gaseous) state, it follows that any 
fundamental internal vibrational mode allowed in the gaseous state will 
also be allowed in the crystalline state, and in the liquid state also. The 
only fundamental frequencies that can occur in the liquid state spectrum 
but not in that of the crystalline solid are hence those which are present 
in the liquid state because of violation of the selection rules for the 
isolated molecule by the intermolecular forces. The frequency vjo of 
benzene is of this type. As usually for covalent compounds the selection 
rules are only slightly perturbed in the liquid state, it follows that in the 
majority of cases only a few medium or weak frequencies in the spectrum 
of a rigid molecule will behave in this manner on solidification. When, 
as in most cases for which evidence for rotational isomerism is claimed, a 
considerable number of strong frequencies disappear on solidification, 
there can be little doubt about the reality of the efiect. 

As has been pointed out already,® care has to be taken to ensure that 
the solid state spectrum is that of the substance in the crystalline as 
opposed to the vitreous state. This can generally be detected by visual 
observation and by the fact that the transmitted intensity for a glass is 
usually much higher than for a polycrystalline mass due to the greater 
scattering in the latter case. There may, however, in any individual case, 
be some doubt as to whether the substance has actually crystallized and 
in such cases it is obviously desirable to supplement the infra-red evidence 
with other experimental data. Accordingly in such cases, where the proba- 

® Kastler and Rqusset, Physic. Rev., 1047, 71, 455, 

* Fruhling, Thesis (1950); Ann. Physique (in press). A short summary is 
given in /. Chem, Physics, 1950, 18, 1119. 

* GiuUotto and Ouvelli, J. Chem. Physics, 194S, 16, 555; Rendiconti Istitutc 
Lombardo di Sdefixe, 1949, Sz, fasc. i. 

* Brown and Sheppard, this Discussion. 
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bility or otherwise of the occurrence of rotational isomerism cannot be in¬ 
ferred from the behaviour of related compounds, definite conclusions as to 
its existence should be drawn only after considering, in addition, (a) varia¬ 
tions with temperature of the relative intensities of line pairs in the liquid 
state in the Raman effect or the infra-red spectrum, (h) the feasibility of 
explaining the spectrum in terms of one species, and (c) the agreement 
between experimental and calculated thermodynamic functions. 

Mr. T. A. Kletz (J.C.J. BilUngham) said : We have examined ^e 
infra-red spectra of a number of alkylphenols in the liquid and cry^taUme 
states and in dilute solution in carbon tetrachloride using a lithium fluoride 
prism. The difference in wave-number between the sharp monomeric 
hydroxyl band obtained in dilute solution and the broad association band 
obtained in the condensed states is a measure of the strength of the 
hydrogen bonds formed. The results show that, as pointed out by Herzberg 
and Reid for HNCO, the hydrogen bonding is stronger in the ci^stal than 
in the liquid. Some typical results are : 

Wave no. difference between dilute 

solution and 




Liquid 

Solid 

4-Ethylphenol 


. 290 

410 

Phenol .... 


270 

400 

3 : 5-Dimethylphenol . 


250 

373 

4-Methylphenol . 



367 

2 : 3-Dimethylphenol . 


190 

310 

2 :4-Di-^fiy/.-butylphenol 


70 

100 


Owing to the disordered nature of the liquid state the molecules 
cannot be all arranged in positions in which h3rdrogen bonding is a maxi¬ 
mum, but it is quite possible for this to occur in the ordered arrangement 
of the crystal lattice ,* this may account for the shift of the h;^oxyl 
band on crystallization. In the spectrum of the crystal the hydroxyl 
band is sharper than in the spectrum of the liquid but still much broader 
than in the spectrum of the dilute solution. 

The broad shape of the hydroxyl band in the spectrum of the liquid 
is usually attributed to the molecules being involved in hydrogen bonding 
to different extents, the shape of the band giving the distribution of the 
molecules forming hydrogen bonds of different strengths.^ This explana¬ 
tion is unlikely to apply to the crystal as it is to be expected that the 
hydrogen bon^ will then be equivalent. Is it possible that the broad 
hydroxyl band obtained in the spectrum of the crystal is due to variable 
changes in the \dbration energy of the crystal lattices {RestsirahUn fre¬ 
quency) accompanying the change in the vibration energy of the O—H 
bond, the O—bond being broadened while the C—bonds are not 
because the coupling between the molecules in the crystal lattice takes 
place through the O—group ? 

Prof. J. A. A. Ketelaar {Amsterdam) said : The fact that broad bands 
due to hydrogen bonding do exist in crystals even at low temperatures 
is very clearly illustrated by the infra-red absorption of KHaPO^. In 
this case an extremely broad band ^vithout fine structure is observed 
setting in at i*5ft with a maximum at 3*56^1. However, at liquid-air tem¬ 
perature, and thus far below the Curie point of this ferro-electric substance, 
and also with dielectrical saturation (i kV/cm.), no change in this band 
can be observed. The true nature of this extreme broadening in an 
ordered crystal is unexplained. Perhaps coupling with a continuous 
spectrum of low frequency, elastic, vibrations might be taken into con¬ 
sideration or it might be a highly anharmonic vibmtion due to a peculiar 
potential function. 

’ Fox and Martin, Proc. Roy. Soc. 1937, 4^9 I Sutherland, Trans. 

Faraday Soc., 1940, 36, 889. 
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Dr. Mansel Davies [Aberystwyth) [communicated) : As Prof. Ketelaar 
indicated, the width of the ** associated ” v[0—H) band in hydroxylic 
compounds is a striking feature which probably arises from the com¬ 
bination of a number of low frequency (including deformation) vibrations 
with the stretching mode. This was one of the suggestions advanced 
by Badger and Bauer® which has been strongly supported by later 
evidence.® It does not appear to be generally appreciated that, in agree¬ 
ment with this interpretation, the width of the band is usually greater 
the stronger the hydrogen bond (giving higher deformation frequencies), 
whilst deuterium substitution markedly reduces its width. Further¬ 
more, a marked increase in the integrated intensity occurs on association : 
a number of factors are involved here, including the flatter potential 
minimum in the [/[r) curve when the hydrogen bonding occurs (giving 
increased amplitudes of vibration) and the increased polarity accompanying 
this change. 

Dr. P. Torkington [B. Rayon Res. Assoc.) [communicated) : In con¬ 
nection with the association band due to hydrogen bonding, which has 
come under discussion, the following approach seems more successful 
in relating the hydrogen bond to molecular orbital theory (a step surely 
considered necessary by now), than others proposed hitherto. In the 
hydrogen-bonded system X—. . . Y, y^.Y has such value that the 
normal van der Waals' force across it would be one of repulsion. For 
this to become attraction, it is necessary that the X—H bonding electrons 
should be localized more between X and H than in a normal covalent 
bond, leaving the proton more exposed and partially attracted to the 
electron shell of Y. It might be noted that it is common to read of the 
localization of bonding electrons between bonded atoms; the accurate 
fact is that the bonding orbitals enclose the bonded atoms—over-localiza¬ 
tion between them would lead to a weaker bond, the interatomic distance 
being increased, effectively to avoid too high an intemuclear electron 
density. This change in type of bond orbital can apparently only occur 
when unshared electron pairs are available on botih. X and Y. The 
function of the pair on X will be obscure for the present, but the pair 
on Y, in this interpretation, presumably makes the electron shell suf¬ 
ficiently proton-att^ting (note the concept of mobile orientable electro¬ 
negativity), to bring about the transition of orbital type to give over¬ 
localization of bonding electrons between X and H. The association 
band can be accounted for fairly readily by the above theory. Displace¬ 
ment of the proton from a given equilibrium position towards Y will 
lead to a weaker bond X—of lower frequency, the attractive force 
across H . . . Y being simultaneously increased. After a certain limit 
has been reached, further displacement towards Y will result in sudden 
increase in energy of the system due to too high a contribution required 
from the ionic structure involving X”, but clearly the total energy of the 
system can in principle remain unchanged for displacements of the proton 
within certain limits, by balancing of the energies of the X—H and 
H . . . Y bonds on the slope of the energy surface arising from increasing 
ionic structure involving X". The function of the unshared pair on X 
should now be clear. The limits for the position of the proton determine 
the ma ximum and minimum X—frequencies. This orbital theory of 
the hydrogen bond can thus be accommodated with the concept of a flat 
potential min im um for the proton. It should be noted that a proper 
combination of both the molecular orbital and resonance theories, as 
described briefly above, is necessary for a satisfactory description of the 
hydrogen bond. 

In conclusion, it does not appear to have been pointed out that in 

* J. Chem. Physics, 1937,5» 839. 

•Davies and Sutherland, /, Chem. Physics, 1938, 6, 762. Davies, ibid., 
1940, 8, 586. 

^ E.g. Wall and Qaussen, J. Amer. Chem. Soc., 1939, 61, 2812. 
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the system X—H ... Y the hydrogen bond H . . . Y will not be 
cylindrically symmetrical unless the system is linear. Where hydrogen¬ 
bonding determines crystal structure to any extent stereochemical con¬ 
siderations nearly always preclude linear systems. At any rate, there 
will in general be an intrinsic potential barrier hinderir.g rotation about 
hydrogen bonds, which is probably not present where ordinary van der 
Waals' forces operate. In view of the importance of hydrogen bonding 
in cell structure the new aspect has been briefly described here ; it is hoped 
to publish details in due course. 

Prof. R. Mecke (Freiburg i. Br.) said : The considerable broadening 
of the OH— stretching bands in the solid state is quite understandable 
if one remembers that the hydrogen atom (proton) is vibrating between 
two oxygen atoms both of wbidb have considerable proton-attracting 
power. This wiU certainly cause some damping effect resulting in broad 
bands. We observe similar effects in the case of internal hydrogen bind¬ 
ings (chelation). As will be shown we observed in chelation two different 
classes of internal hydrogen binding ; in the one case the hydrogen binding 
gives rise to a displacement of the frequency still with a quite narrow 
band, so that the cis- and trans-’position of the OH band is detectable; 
In the other case, which contains substituents like NO*, CHO, COOR, 
COR in the or^Ao-position, the band is totally blurred in a very broad 
absorption region and therefore hardly recognizable. We suppose that 
this is the ** real " hydrogen-bond, the proton vibrating between the two 
oxygen atoms in a mesomeric manner. 

Prof. A. R. Ubbelohde (Belfast) said : In condensed phases it may 
frequently happen that the molecular attraction termed hychrogen bonding 
is a co-operative effect. The large frequency shift in going from liquid 
to solid HNCO can hardly be interpreted if only the attraction between 
pairs of molecules are considered. Solids containing hydrogen bonds 
tend to have anomalously small volume changes on melting, owing to the 
partial collapse of “ open structures " on liquefaction.*-* But melting does 
involve some breakdown of the co-operative effects in the solid. 

Although much of the attraction in hydrogen bonds must be purely 
electrostatic, there is reason to believe that particularly in the case of 
short hydrogen bonds (2-5-2'6 A) some resonance contribution is present.** 
This resonance may also involve three-dimensional effects in the crystal 
lattice, i.e. the possibility of co-operative resonance contributing to the 
crystal lattice energy must be considered. 

The broadening of the absorption band associated with certain t3'pes 
of hydrogen bonds in crystals is paralleled by the anomalously large 
thermal expansion in the direction of such bonds in the crystals, and by 
the anomalous isotope effect (expansion of the lattice on substituting D 
for H*®. *»). 

Prof. J. A. A. Ketelaar (Amsterdam) said : The further decrease of 
the OH frequency in going from the liquid to the solid state is, at least 
for the most important part, due to the fact that in the solid state the 
mean distance of the molecules bridged by the hydrogen is smaller and thus 
the interaction larger. 

Dr. J. Lecomte (Paris) said : Dr. Freymann, at the Sorbonne, was 
able, by absorption in the near infra-red of aqueous solutions of nitric 
acid, to follow the variations in the constitution of this acid, and to show 
the association between the molecules of pure nitric acid, or between the 
molecules of nitric acid and the molecules of water, and to measure the 
dissociation of the acid in ions. 

Prof. M. Pestemer (Leverkusen j a, Rhein) said : There is a possibility 
of showing the presence of hydrogen bonds by measuring the ultra¬ 
violet absorption, if groups, the vibrations of which are coupled with the 

** Cf. Ubbelohde, J. Chim. Phys,, 1949, 46, 429, and earlier ref. 

*® Cf. Robertson and Ubbelohde, Proc, R<w, Soc, A, 1938, 167,136. 

** Cf. Ubbelohde, J. Chim. Phys.^ 1949,40, 429, and earlier ref. 
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electronic transition, become fixed in their position in the molecule. 
Merkel and Wiegand have demonstrated that in this case there is a 
vibrational fine-structure in the absorption bands, because the super¬ 
position of the vibrations is determined in its direction. However, in 
the case of a superposition of vibrations of freely movable and rotating 
groups, which orientate on the molecule more or less accidentally, the 
fine-structure disappears. This effect can bo clearly observed in the 
measurements of Morton and Earlam with derivatives of the anthra- 
quinones 



The OH groups of the mono- and di-oxy-derivatives in the positions 
I, 4, 5, 8 are able to form hydrogen bonds with the quinone oxygen 
atoms and show vibrational fine structure. If the hydrogen bond is 
rendered impossible by methylation, the fine structure disappears. Like¬ 
wise the oxy-derivatives with OH groups in the positions 2, 3, 6, 7, where 
no hydrogen bond is possible on account of the too large ^stance to the 
oxy-groups, do not show a fine structure. 

Dr, J. Romand and Dr. B. Vodar (Paris) (communicated ): To the 
various methods suitable for the study of the hydrogen bond we can add 
ultra-violet absorption spectroscopy. An example is the study of the 
hydrogen fluoride gas which is known as a strongly associated substance. 
This study is now in progress and we have already some preliminary results. 
As the results are only interesting in relation to those obtained for the 
other hydrogen halides, which are not strongly associated, we will give 
here a brief survey of the whole work related to HCl, HBr, HI and HF 
in the Schumann region. 

Our normal work in the far ultra-violet region is done by spectro- 
graphic method^® with a grating spectrograph. We use an hydrogen 
discharge lamp for the light source, a set of wire screens for the plate 
calibration and an optical system made of fluorite or lithium fluoride, 
the transparency of which makes possible measurements down to 

1350 A. 

In the spectra of the gaseous hydrogen chloride, bromide and iodide 
we have observed the narrow bands of the B, C, D, E groups (first de¬ 
scribed by Price i’) but we have particularly studied the continuous band 
A, This latter shifts towards the long wavelengths when we pass from 
Cl to Br and I (the A of the maximum being 1535 A for HCl, 1785 A for 
HBr and 2150 A for HI). The agreement with the previous results of 
the near ultra-violet worlrs is very good and the whole curve is accurate 
enough to be compared with theoretical calculations. These calculations 
were made principally by the reflection method and also by the com¬ 
plete integration method.^® Both methods are able to reproduce the 
experimental curves of HCl and HBr when the maximum and another 
point of the curve are given. For HI this is only possible when we take 
into account the two states “Pj/j ®Ps/2 of iodine (which are widely sepa¬ 
rate).^ This shows that the agreement of the calculations is not so bad 
in spite of the fact that we have to neglect various factors, such as the 
variation of the electronic matrix. 

^Merkel and Wiegand, Natwiss,^ 1947, 34, 122, 

“ Morton and Earlam, /. Chem. Soc., 1941, 159. 

“ Romand, Ann. Physique, 1949, 4, 529. 
w Price, Proc. Roy, Soc, A, 1938, 167, 216. 

“ Kohei Siga and Piumley, Physic. Rev., 1935, 48,105. 
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Hydrogen fluoride was studied down to 1500 A in silver or stainless 
steel cells with aluminium oxide windows and Teflon gaskets. We first 
found that the bands in the near ultra-violet previously described, and 
attributed to the associated molecule, disappear when the gas is sufl&ciently 
pure. The pure gas having a 500 mm. path length, under 500 mm. Hg 
pressure and at room temperature is transparent down to 1650 A, where 
a continuous absorption band starts. We were not able to obtain the 
maximum of this absorption. In the region studied, the intensity of the 
absorption strongly increases when the gas is heated to 100® C where, as 
is well known, the vapour density becomes normal. This clearly shows 
the effect of association on the absorption spectrum. For this temperature 
effect our data are so far only of a preliminary character, but it is probable 
that the knowledge of the temperature variation of the absorption co- 
efi&cient would make possible the calculation of the degree of association 
for a given temperature. The fact that there are no discrete bands in 
the whole spectrum down to 1500 A is a good reason to think that there 
are no or very few cyclic HgFe molecules in the associated vapour. This 
confirms the conclusions obtained from other measurements, such as 
dielectric constants. Even at a temperature above 100® C, where the 
HF vapour should not be associated, the continuous absorption at 1500 A 
is weak. From this we can expect that the maximum is somewhere 
far in the ultra-violet at a ^vavelength which would be shorter than the 
wavelength computed by analogy from the HCl, HBr, HI series; this 
shows how different the electronic structure is in comparison with the 
other hydrogen halides. 

Prof, J. Rud Nielsen {Oklahoma University, US.A.) said: The 
very high intensity of the infra-red band of borazole associated with 
NH-stretching of species E' is paralleled by the high intensity of the 
corresponding stretching mode in 1:3:5-trifluorobenzene. We have 
also observed the overtone of this band, although apparently with con¬ 
siderably lower intensity than that of the corresponding borazole band. 
Our observations did not extend to high enough wave numbers to reveal 
the overtone of the E' CH stretching mode. 

The difference between calculated and observed frequencies of some 
of the combination bands listed in Table IV of the paper by Price, Fraser, 
Robinson and Longuet-Higgins seems rather high. I wonder if Dr. 
Price has any explanation of this fact. 

Prof. R. Mecke {Freiburg i. Br.) {communicated) : For comparison with 
our investigations concerning the CH and OH bond I am interested in 
the values of the maximal extinction coefficients cma*, and of the absorption 

areas Jedy of the BH and NH stretching vibration bands and their over¬ 
tones of borazole. 

Prof. J. Rud Nielsen {Oklahoma University, US. A) said : As indicated 
in our paper, we realize that the value 1191 cm."i assigned to the highest 
E" fundamental of i :'3 :5-trifluorobenzene is considerably higher than 
what one should expect. Mr. Liang is at present carrying out a normal 
co-ordinate treatment of the out-of-plane vibrations largely for the pur¬ 
pose of checking this assignment. 

The observation of the frequency 275 cm.“^ in the infra-red spectrum 
of 1:3: 5-tnmethylbenzene sho-ws that this belongs to species E' rather 
than to E" as assumed by Pitzer and Scott. This frequency, and the 
E' fundamental at 515 cm.“i, undoubtedly correspond to the E' funda¬ 
mentals occurring at 326 and 503 cm.-^ in i : 3 : 5-trifluorobenzene. 

Dr. J. Lecomte (Pum) said: I remember that sixteen years ago, I 
published with Dr. H. C. Cheng, a paper on the infra-red adsorption of 
I : 2-dihalogen derivatives of ethane. It was possible, in the liquid state, 
to recognize in the spectrum, the bands belonging to the trans form, 
with the use of selection rules. The symmetrical \ibrations of symmetrical 
I : 2-derivatives give only Raman lines, and the asymmetrical vibrations 
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produce only infra-red absorption bands. Instead, with asymmetrical 
I : 2-dihalogen derivatives, all the vibrations are allowed in the two 
phenomena. 

Dr. N. Sheppard, Dr. Delia Simpson {Cambridge), and Prof. Suther¬ 
land {Michigan, U.S.A.) {communicated) : The paper by Prof, Rank and 
his colleagues is an important contribution to the study of the vibration 
spectra of the hydrocarbons. Since, however, certain of the conclusions 
therein are diametrically opposed to those reached by us from earlier 
data, we should like to make the following comments based on the re¬ 
marks made by Prof. Sutherland and Dr. Sheppard at the Discussion. 

We agree entirely with Prof. Rank and his co-workers in concluding 
that there is a great need at the present stage in investigating hydrocarbon 
spectra for better experimental data on the simpler molecules, more 
especially those containing isotopic atoms. We do not consider, however, 
that the new facts presented by these authors are sufficient to settle finally 
the assignment of the 1249 and 921 cm.“^ frequencies in wcopentano, nor 
to justify their condemnation of the simplifying device of treating CH3 
groups as point masses in making approximate calculations of the skeletal 
frequencies of branched hydrocarbons. 

The correct interpretation of the spectrum of ^z^opentane is of vital 
importance in the discussion of the spectra of the larger paraffins. The 
point at issue is the assignment of the 1249 and 921 cm.-i frequencies. 
Prof. Rank and his colleagues allot them respectively to a CH3 wagging 
mode and to a skeletal vibration of the same symmetry class We 
had formerly given the reverse interpretation.^® We shall, in the following 
discussion, consider in turn the arguments used by Prof. Rank and his 
co-workers. 

I. Positive Arguments for the Assignment of Rank, Saksena 
AND Shull. —(i) 921 as a skeletal vibration, —(a) We consider that 

the argument based on intensity considerations to be inconclusive. Too 
little is known as yet about the factors which influence the absolute 
intensities of vibration frequencies especially in the infra-red. It may, 
however, be noted that in the infra-red spectra of the ?z-paraffins (this 
Discussion) some of the bands assigned to skeletal vibrations appear 
with a strength comparable to those arising from CH deformation 
modes. 

ip) The argument based on the isotopic splitting of the 921 cm.-^ 
frequency to give a new polarized component at 815 cm.“^ is open to 
criticism, since it implies a splitting of more than 100 cm.”^ in a skeletal 
frequency, arising from the substitution of one D atom in place of a. H 
atom in one of the CHs groups in the molecule. There is no theoretical 
justification for expecting the splitting to be much greater than 10 cm.^K 
Some years ago one of us *® made some calculations comparmg the skeletal 
frequencies of the molecules C(CHs)4, [TJ and C(CH3)8. CHaD. These 
employed a simple valency force field with CH3, CHaD as point masses 
and the same force constants as those used in our previous work.^®^ As 
a first approximation the configuration of monodcutero-wcopentane was 
assumed to be C^p, thus partially taking into account the reduction of 
symmetry in this molecule. The results are shown in Table I where the 
calculated shifts are compared with those actually observed. It would 
be presumptuous to claim any great accuracy for these calculations, but 
we do think that they suggest that the splitting of the skeletal frequencies 
of zwopentane produced by the isotopic substitution CH, CHaD is 
much smaller than from 921 to 815 cm."-^ as now proposed. Further¬ 
more, there is some experimental evidence against the argument, since 
in propane the substitution of one D atom in one of the CHg groups gives 

^ {a) Sheppard, /. Ckem, Physics, 1948, 16,690. (6) Simpson and Sutherland, 
Proc, Roy, Soc. A, 1949, I99» 169. 

•® Simpson, unpublished work. 
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rise to an analogous shift from 923 to 834 cm.in a band which certainly 
cannot be due to a skeletal frequency.*^ 

(c) An analogy is drawn between the splitting on deuteration of the 
921 cm."^ frequency in iw»opentane and of the 694 cm.“^ frequency of 
tetramethyl silane. It is claimed that since the ratio of the frequencies 
of the two components in the two monodeuterated compounds is identical 
[viz. 922/815 for C(CH3)8 . CHaD and 690/609 for Si (0113)3. CHaD], the 
parent frequencies in the undeuterated molecules must be eissigned to 
the same type of vibration. We suggest that this numerical agreement 
may be fortuitous, so that the resultant conclusion is not necessarily valid. 
Examination of the theoretical treatment of the vibrations of the X4Y 
and X3YZ molecules using a simple valency force field,®* shows that the 
corresponding theoretical ratio depends not only on the ratio of the 
masses of the isotopically substituted groups, viz. X/Z, but also on the 
mass of the central atom Y and the ratio of the stretching to the de¬ 
formation force constants. Hence we should not expect identical ratios 
for the two molecules C(CH3) 3. CH^D and Si(CH8)3. CH3D. 

(ii) 1250 cm.-^ as a CH3 vibration, —(a) For a discussion of the intensity 
argument, see I (i) (a). 

ip) The second argument is based on the appearance of a frequency 
at 1250 cm.“^ in the Raman and infra-red spectra of both ti^opentane 
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Fig. I. —The prominent bands in the infra-red absorption spectra of Y(CH3)4 
molecules between 1500 and 500 cm.”^. 

and tetramethyl silane. Since in the silicon compound Prof. Rank and 
his co-workers have unequivocally demonstrated that all the skeletal 
frequencies lie below 700 cmr\ they conclude that the 1250 cm.-^ fre¬ 
quency must be associated with a CH3 wagging vibration, and therefore 
assume that the apparently analogous frequency in ^zeopentane cannot 
be attributed to a skeletal mode. We should like to suggest an alter¬ 
native assignment of the infra-red spectrum of tetramethyl silane which, if 
our interpetation is correct, shows that the frequencies numerically coin¬ 
cident at 1250 cm.”^ in ^zeopentane and tetramethyl silane are to be 
attributed to two different t3zpes of vibration. 

Fig. I shows in a schematic fashion the position of all the strong 

^ McMurry, Thornton and Condon, J. Chem, Physics, 1949, 17, 918. Fried¬ 
man and Turkevich, ibid,, 1949, 17, 1072. 

*2 Kohlrausch, Smehal-Raman-Effekt, Ergdngzungsband (Julius Springer, 
1938). p. 72. 
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absorption bands in the series of molecules i*«opentane to lead tetramethyl ** 
betw^n 1500 and 6oocm.“^. In ^i^opentane the well-kno-wn E* sym¬ 
metrical deformation mode of the methyl groups occurs near 1375 cm.“i; 
this shifts to lower frequencies when the methyl group is attached to a 
heavier atom. In our opinion this mode undoubtedly follows the cor¬ 
relation indicated by a dashed line in the figure, connecting the strong 
absorption bands ** between 1376 and 1147 cm.-^. Prof. Rank and his 
co-workers have identified the polarized Raman line at 1263 cm.“i in 
the spectrum of tetramethyl silane as the Ai CHg symmetrical deformation 
vibration ; this falls quite near the corresponding infra-red frequency 
now put at 1250 cm.“i. In the infra-red spectrum of tetramethyl silane 
the same authors have shown that the carbon-silicon skeletal vibration 
gives an intense band at 695 cm.-^, and they suggest that an equally intense 
absorption at 862 cm.-i (which has a strong Raman counterpart) is to 
be attributed to a combination band. We consider that this last assign¬ 
ment is improbable. If, as suggested in Fig. i, the 862 cm.-^ frequency 
corresponds to the CHg wagging mode (the remaining allowed Fa funda¬ 
mental), then it falls natur^y in line as a member of a series of strong 
absorption bands (shown by the dotted line) which gradually shift to 
lower frequencies on passing to the tetramethyl compounds of the heavier 
elements.^* 

The weak shoulder at 1285 cm.""^ in the infra-red spectrum of tetra¬ 
methyl silane, which was considered by Prof. Rank and his co-workers 
to be a fundamental, can be interpreted as an allowed combination band 
of the two skeletal stretching modes. 

(c) Prof. Rank and his colleagues consider that in passing from neo- 
pentane to monodeutero-w^opentane the 1249 cm.“^ frequency in the 
symmetrical molecule gives an isotopic splitting to an E frequency at 
1251 cm.^^ and an frequency at 919 cm.-^. However, the correspond¬ 
ing splitting in the silicon compounds is not observed. If the interpreta¬ 
tions of these authors are accepted, there seems no good reason for its 
non-appeaxance. Furthermore, we consider that the empirical rule that 
the ratio of the frequencies of the CH and CD stretching modes is the same 
as for the bending vibrations requires theoretical justification before it 
is safe to conclude that it is applicable to H/D substitution in all types 
of molecules. 

II. Positive Arguments for the Assignment of Sheppard, Simpson 
AND Sutherland. —One point of difierence remains for discussion. In 
the infra-red spectrum of monodeutero-^opentane Prof. Rank and his 
co-workers observed a band of moderate strength at 1224 cm.-^ for which 
they were unable to offer any interpretation. In Tabic I wc have suggested 
that the 1224 cm.“^ band is the Ai component of the Fa skeletal vibration 
which appears at 1249 cm.”^ in w^opentane, the E component being at 
1251 cm.“i. The polarized Raman line corresponding to the 1224 cm.-*- 
band would be obscured by the intense depolarized lines at 1217 and 
1251 cm."*i. This possible assignment, as Table I shows, gives a reason¬ 
able isotopic shift of the same order as that observed for the other 
frequencies. 

To sum up, we should like again to draw attention to the arguments 
for our assignment of the «eopentane spectrum previously published ; ^ 
in particular we emphasize that by choosing reasonable values of the 
force constants with a simple valency force field, it is possible to reproduce 
the skeletal frequencies of ^opentane to within 4 %, which is all that 
can be expected for this treatment (see Table I). We consider that 
I (i)(b), dealing with the isotopic shift of the skeletal frequencies and 
I (ii){iE>) on the series of absorption bands of the molecules Y(CH3)4 answer 

•* Kettering and Sleator, Physics, 1933,4, 39. Young, Koehler and McKinney. 
7. Amer. Chem. Soc,, 1947* 1410. Sheline and Pitzer, /. Chem, Physics, 1950, 

18, 595. 

** Sheppard, unpublished work. 
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the criticisms of Prof. Rank and his co-workers, and provide some further 
evidence in favour of our original assignment, which we still prefer on the 
data available. However, in agreement with Prof, Rank, we do not 
think that it will be possible to decide finally between the alternative 
assignments, until the experimental data for the completely deuterated 
W 50 pen 1 ane CiCD^)^ are available, when it will be possible to apply the 
Redlich-Teller product rule with confidence. 

Prof. D. H. Rank [Pennsylvania State College, U.S.A.) [communicated) : 
I wish to reply to Dr. Sheppard, Dr. Simpson and Prof. Sutherland in 
answer to their criticisms of our interpretation of the spectra presented 
in our paper. 

I agree that the totally deuterated w^opentane is necessary for a com¬ 
pletely unambiguous solution of this assignment problem. We are now 
engaged in the preparation of this molecule which will require a great 
deal of time and efiort. 


TABLE I. —Observed and Calculated Frequencies of ««opentane and 

MONODEUTERO-WtfOPENTANE 
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I agree that infra-red intensity considerations are not completely 
conclusive since we cannot quantitatively calculate the absolute inten¬ 
sities. However, the 921 cm.-^ band of Tz^opentane differs by between 
one and two orders of magnitude in intensity from the 694 cm.~^ band 
of silicon tetramethyl which we have assigned as its analogous vibration. 
We have recently obtained the 415 cm.”^ infra-red absorption band of 
«fiopentane in the KBr region which verifies our assignment of this band 
completely. This band has an intensity comparable to the 921 cm.-^ 
band which further supports our thesis. 

With regard to the appearance of strong polarized lines at 815 cm.”^ 
and 609 cm.“i in the spectrum of weopentane- 5 i and tetramethylsilicon-eii. 
It is perfectly true that the empirical observation of exact ratios of these 
lines mth the assigned parent line may be a fortuitous but nevertheless 
an existing fact. Furthermore, there are certainly very limited possi¬ 
bilities for the origin of these strong lines which appear in strict analogy 
in the spectrum of the monodeutero derivatives of both carbon and silicon 
tetramethyl. Objection has been raised that our assignment of these 
frequencies to Vi[a) produces isotopic splittings which are too large for 
framework vibrations, I must point out that in tetramethylmethane 
our assignment of the 815 cm.-^ frequency seems to be unique since I 
know of no cases of deuterium isotope effects in molecular spectra where 
I^h/Eh is less than 07 and usually hydrogen isotope effects yield a fre¬ 
quency ratio considerably larger than this value in spectra of polyatomic 
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molecules. If this frequency was split from the 1250 cm.“i frequency 
^h/I^h 0*65 and in silicon tetramethyl-^?i the situation is incomparably 
worse. 

Objection has been raised to our assignment of the 862 cm.”^ strong 
band (Raman and infra-red) in the spectrum ot silicon tetramethyl to a 
combination band. I ^vish to point out that intensities of combinations 
and harmonics are not al’wn.ys weak compared to fundamentals. As 
an example in the Raman spectrum of liquid methane it is well known 
that two harmonics appear which arc much stronger than their funda¬ 
mentals. The broad character of the 862 cm.”^ Raman band is striking 
on the original plates in comparison with other depolarized lines. This 
diffuse character has been observed many times when lines known to be 
combinations or harmonics have been photographed in other spectra. 

The situation in the infra-red spectrum of tetramethylmethanc-<?i 
is somewhat complicated in the 1200 cm.-^ region. Since all bands free 
of overlapping show P, Q, JR structure it is certain that the bands at 1218, 
1224 and 1253 cm.respectively consist of overlapped structure. We 
have assigned the 1218 cm.“^ band to one of the A \’ibrations since it is 
in coincidence with a Raman line. The 1298 cm.-^ band which shows 
beautiful P, Q, R structure and is in coincidence with a Raman line we 
have also assigned to an A vibration. The absorption peak at 1251 cm.-^ 
is also in coincidence with a Raman line and has been assigned to V^{e). 
The band at 1224 cm.”^ which appears to be strong might easily be due 
to a superposition of an P and P branch from 1217 cm."^and 1251 cm.~^ 
i.e. the intensity of the R branch of the 1217 cm.-^ band modified by the 
proximity of the 1251 cm.-^ band. Since the structural situation in the 
spectrum here is quite complex and certainly not completely resolved, 
there does not seem to be any good reason for assigning 1224 cm."^ to a 
molecular frequency. 

With regard to observation of (a) type frequencies in the infra-red 
absorption spectrum we have not been able to find any of these in tetra- 
methyhnethane-i^i, which we can assign to skeletal frequencies, even 
when the one metre path has been used. However, with tetramethyl- 
silicon-£?i an {a) type skeletal vibration, i.e. 570 cm.”^ makes a strong 
appearance with a 10 cm. path. This observation seems to bear out our 
contention of the tremendous difference of the intensities of the skeletal 
modes in infra-red absorption for the carbon and silicon tetramethyls. 

Dr. Simpson’s calculations of isotope effects for the skeletal vibrations 
of ^wopentane-e^i are interesting. She obtain^s 6*3 cm.-^ for the totally 
symmetrical vibration. This is compared with the value of 5-8 cm.“^ 
calculated from a cruder approximation in our paper. However, it is 
apparent that the splittings obtained with both methods of calculation 
are sensibly the same. However, I must point out that cither result is 
in error by more than 100 % for neo-pentajiG and by nearly 500 % for 
tetramethylsilicon. It is quite certain that the expressions used up to 
the present time in calculating these isotope effects do not adequately 
satisfy the observed experimental data. 

The reassignment of the medium intensity infra-red band at 1285 cm.-^ 
in the spectrum of silicontetramethyl to a combination band, i.e. 593 cm."^ 
-1- ^4 cm.-i seems to be untenable. This band appears in the spectrum 
of siU^n tetramethyl-^i with very similar characteristics and at 1285 cm.-^ 
(unshifted). If the reassignment were correct this band should appear 
at 1260 cm.“^ which is not in accord with observations. 

Dr. Orville Thomas (Aberystwyth) (communicated) : The electron dif¬ 
fraction results quoted by Rank, Saksena and Shull indicate a greater 
C—C bond length in the group —C—CHjCl than in —C—CH«. Con¬ 
trary to their suggestion, it would be unlikely then for an increase in force 
constant to occur in the chlorinated derivative of weopentane. For a 
given pair of atoms it is difficult to see how the equilibrium force constant 
can do anything but decrease on increasing the bond length. 
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TABLE I 


(I) k = 2*738 X 10® (>?i-arg)i y“2.4« dynes/cm. 
(II) k = 2*490 X 10® 

(II3) k = 3*178 X 10® y-®*®® 
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4X7 

II 

4*66 

4*38 

C—Cl 

SiCU 

2*00 

424 

i 423 

—0*2 

4X7 

II 

3*68 

3*71 

Si—Cl 


2*21 

386 

386 

— 

4X7 

II 

3*06 

3*07 

Ti—Cl 

GeCl^ 

2*o8 

396 

407 

2*8 

4X7 

II 

3*42 

3*27 

Ge—a 

SnCl4 . 

2*30 

367 

371 

I*I 

4X7 

II 

2*85 

2*80 

Sn—Cl 

CBr^ 

1*94 

267 

289 

7.6 

4X7 

II 

3*89 

3*36 

C—Br 

SiBr^ 

1 2*19 

249 

259 

4*0 

1 4X7 

II 

3*12 

2*92 

Si—Br 

GeBr* . 

2*32 

234 

245 

4*5 

4X7 

II 

2* 80 

2*58 

Ge—Br 

SnBr4 

2*44 

220 

234 

6*4 

4X7 

II 

2*55 

2*28 

Sn— Br 

C(CH3)4. 

1*54 

731 

714 

-2*3 

4X4 

II 

4*45 

4*50 

C—C 

Si(CH3)i. 

1*93 

598 

580 

-3*0 

4X4 

11 

2*97 


C—Si 

Sn(CH3)4 

2*lS 

5o<> 

518 

2*3 

4X4 

II 

2*37 


C—Sn 

Pb(CH3)4 

2*29 

460 

496 

7*8 

4X4 

11 

2*17 


C—Pb 

SF4 . 

1-58 

790 

7«S 

0*3 

6X7 

II 

6*95 


S—F 

SeFe 

1*67 

755 

732 

2*4 

6X7 

11 

6*28 


Se—F 

TeF* . 

1*82 

701 

692 

1*3 

6X7 

II 

5*36 


Tl—F 

UF4 

2*0 

650 

635 

3*2 

6x7 

IT 

4*51 


U—F 


Dr. K. M. Guggenheimer {Glasgow) said : Wixh respect to the discus¬ 
sion of the tetramethyl compounds, I should like to mention that a few 
years ago ®® I published two empirical formulae which relate force con¬ 
stants of diatomic molecules with the number of the outer electrons and 
the bond length; 


(I) h = 2*738 X 10® 
(II) k = 2*490 X 10® 


dynes/cm. {r^ in A). 


*® Guggenheimer, Proc, Physic Soc., 1946, 58, 456. 
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Series (I) contains molecules with weak or zero polarity, and Series (II) 
strongly polar molecules like NaCl. 

In a forthcoming paper it will be shown ihat these formulae can be 
applied also to polyatomic molecules. The Table gives some of the numer¬ 
ical material. The first group contains some compounds where the methyl 
group is treated as a unit of molecular weight 15. Then follow some 
symmetrical molecules where in the valency force system, in contra¬ 
distinction to the central force system, the “ breathing vibration leads 
immediately to the value of the stretching force constant. It can be 
seen from the Table that results obtained in Series (I) or (II) are valid 
for these molecules within a few per cent. Thus, forces between atoms 
not linked by chemical bonds, contribute only slightly to the value of the 
force constant. 

The list of XY4 molecules contains also the tetramethyl compounds 
of C, Si, Sn and Pb. This supports the usual interpretaticn of the given 
vibration frequencies as symmetrical breathing ** \ibrations. 

Dr. D. C. Smith {U.S, Naval Research Laboratory, Washington, D.C.) 
said : With regard to the paper by Dr. Gore, it appears worthwhile to 
call attention to two points concerning the characteristic PO stretching 
frequency. Firstly, since this frequency occurs at 1176 cm.-^ in (CH3)3PO 
and at 1395 cm."^ in FaPO,^ the spectral interval for this vibration ex¬ 
tends from about 1175 to 1400 cm.-\ rather than from 1250 to 1300 cm.“^. 
Secondly, the exact position within this interval appears to depend upon 
the electronegativity of the three other substituents on the phosphorus 
atom. In studying the infra-red spectra of a variety of compounds 
containing the PO linkage, Mr. Daasch has found that the frequency 
occurs roughly in the intervals 1175-1200 cm.”^ (no electronegative sub¬ 
stituents), 1200-1250 cm.”^ 1250-1275 cm.-^ and 1275-1350 cm.~S as the 
number of electronegative substituents increases, respectively, from o to 3. 
Knowledge of this dependency increases considerably the usefulness of 
the characteristic PO frequency for structure determination. 

Prof* J. A. A. Ketelaar [Amsterdam) said : The infra-red absorption 
spectra of parathion (diethyl j!>-nitrophenylthiophosphate) and its dimethyl 
analogue do show characteristic differences, especially the presence of 
a sharp band at 1160 cm.”^ in the former and several differentiations in 
the 800-1000 cm."^ region which allows identification of a commercial 
product as the latter compound. 

Dr. H. W. Thompson [Oxford) said: It may be noted that the intrinsic 
intensity of the characteristic P =0 stretching vibration is high, which 
may be valuable in work with compounds of biological interest. 


IIL VIBRATIONAL SPECTRA OF COMPLEX 

MOLECULES 

THE INFRA-RED SPECTRA OF COMPLEX 
MOLECULES 


H. W. Thompson, D. L. Nicholson and L, N. Short 
Received xZth July, 1950 

Infra-red spectroscopy is applied to complex molecules for analysis and 
structural problems, Qiaracteristic frequencies of groups sometimes facilitate 
their identiffcation. Examples are given from recent work on polymers, cellulose 
and related compounds, carbohydrates, amides, urethanes, amino acids, peptides 
and derivatives of pyrimidine. 
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For our present purpose, complex molecules fall into one of two classes, 
(i) polymers or condensates in wtuch there is some sort of recurring nuclear 
skeleton and (2) complicated organic structures of intermediate molecular 
weight such as occur in substances of biological interest. The former class 
includes the hydrocarbon polymers, rubbers, polypeptides, celluloses and 
resins ; examples in the second group are simpler carbohydrate materials, 
derivatives of pyrimidine, nucleic acids and other compounds involving 
heterocyclic rings. 

Hitherto, infra-red spectroscopy has been applied here with two main 
objects, namely (i) for qualitative or quantitative analysis and (2) for 
elucidating structural problems. It is, moreover, not merely the question 
of determining the molecular formula of a particular compound, but often 
of correlating structural features with physical properties or with chemical 
reactivity. The eaise with which infra-red spectra can now be measured 
between "2-25 ij. has enabled us to record data for a very large number of 
compounds, and we now have to consider how far the vibrational spectra 
alone can answer the vital questions. With polymers, grouping of 
characteristic frequencies sometimes simplifies the spectrum, but in many 
cases the complex array of bands, with consequential ambiguity of fre¬ 
quency assignment, puts a definite limit upon possible interpretations. 

Attempts can be made to extend the spectral data by means of auxiliary 
techniques, such as the deuteration of key groups like OH or NH, the study 
of spectral changes with change of temperature, the use of polarized 
infra-red radiation with orientated polymers or crystalline materials, or 
the application of the reflecting microscope in conjunction with an infra¬ 
red spectrometer so that small crystals, fibres or even biological cells can 
be measured. Each of these methods has proved useful in individual 
cases, but there seem at present to be both experimental and theoretical 
difficulties and sometimes, as for example with the pyrimidines or sugars, 
further data obtained from X-ray analysis or other methods may be needed 
before the spectral results can be fully explained. Another difficulty with 
many of these complex molecules is insolubility in organic solvents, since 
mfra-red measurements in solutions in water or deuterium oxide axe far 
from satisfactory. 

In this paper we shall mention a few illustrative examples from recent 
work carried out in this laboratory, some of which is being described in 
detail elsewhere. 

The principles of infra-red analysis are well known. The question is 
whether with complex molecules the spectra will contain so many bands 
that in a mixture severe overlapping w^Ql preclude resolution. This often 
occurs, and the difficulty is accentuated when the qualitative composition 
of the mixture is uncertain. On the other hand, rather complex mixtures 
can sometimes be analyzed, particularly when one or more components 
have a strong band lying clear of those of the remainder. Fig. i gives part 
of the spectra of some amino acids. Although the bands are drawn as 
lines which do not indicate their breadth, it is seen that difierentiation and 
analysis of simple mixtures can be carried out. We would emphasize 
here that the iiifra-red spectrum provides an excellent and quick method 
for identifying amino acids which have been separated from a complex 
mixture by chromatrography or similar means, as well as giving a check 
on the efficiency of the separation. Other t3q)ical spectral differences 
between complex stereoisomers are given below. Since with all except 
the simplest molecules we cannot yet predict the full vibrational spectrum 
of a nuclear skeleton, it is impossible to know a priori whether a given 
analysis will be feasible, and this must be discovered by trial. Most 
workers have used the region 6-14 for this purpose, but we may mention 
that in our experience distinguishing features are often to be found in the 
range 15-25 /t. 

Another aspect of analytical work with polymers and condensates is 
the determination of their content of some special group, e.g. acyl groups 
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in cellulose esters, or alkylene groups in hydrocarbon polymers. This is 
possible in favourable circumstances, but it may be necessary to assume 
that the group extinction coefficients remain unchanged in both the mole¬ 
cules studied and those used for setting up the calibration, and if high 
sensitivity is required these extinction coefficients must be high. These 
two conditions do not always apply. 

Infra-red spectral diagnosis is based upon the existence of characteristic 
vibration frequencies for linkages and groups. Examples are now legion. 


eoo mo I zoo mo mo cm 



SOO /OOQ /zoo mo /OOOcm! 

Fig. I. 

S DL-Glycine. (8) n-Leucine. 

DL-a Amino-«-butyric acid. (gj DL-a Ammo-7i-caprylic acid. 

(3) Di.-a Amino-isobutyric acid. (10) DL-Alanine. 

(4) DLHx Amino a methyl-w-butyxic acid (n) DL-Aspartic acid. 

(5) DL-Valine. {12) DL-Glutamic acid. 

(6) DL-Norleucine, {13) r-Tyrosine. 

(7) DL-a Amino-w-caproic acid. (14) DL-Methionine. 

and reference tables have been published.^ It is evident, however, that 
any such frequency can be modified by factors such as local electronic 
influences of neighbouring groups, conjugation, ring strain, or the formation 
of hydrogen bridges, and in any case a strictly localized oscillation in part 
of the molecule represents an idealized extreme. In complex molecules 
all these factors may play a part in modifying the correlation rules, and 
thus lead to ambiguities in structural problems, particularly when the 
Actors operating in a given case are unpredictable. There is probably 
little hope of constructing the complete molecular formula from the 
vibrational spectrum alone, and at best we may try to establish a few 
main groupings to decide between alternative formulae which have been 

^ Bames, Gore, Liddel and 'Willianas, Ind, Eng, Chem, {Anal,), 1943, 15, 659. 
Thompson, /. Chem, Soc,, 1948, 328. Williams, Rev, Sci, Insir,, 1948, 19, 135; 
Colthup, /. Opt, Soc. Amer., 1950, 40, 397. 
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suggested by chemical methods. This is illustrated by the work on 
penicillin.* 

Some small variation occurs in the stretching vibration frequencies 
of C—H bonds according to their type, e.g. alkyl groups (2800-3000 cm.“^), 
alkylene groups (2900-3000), alkyne {3200-3300) or aromatic ring CH 
(3000-3100). Deformations of C-~H bonds in substituted olefines give 
rise to characteristic differences at lo-ii A few alkyl groups have 
sets of frequencies which, in simple hydrocarbons at least, may enable us 
to identify them, e.g. —C(CH3)3, —CH(CH8)2, —(CH2)4—. Other "'hydro¬ 
gen ” vibrations are P—H (^ 2400), and S—H (---' 2500), but the intrinsic 
intensity of some of these bands are low. 

Some useful "double bond" frequencies are: sulphoxide (^1050), 
sulphone (^1150 and 1325), —^P=0( 1260-1280), nitroso—^N=:0, 
(1350-1400), N=0 in nitrite (^ 1650), nitro group 1550 and ^ 1350), 

(1300-1400), ^P=S (600-750), and we have recently found a band 
^ \ ^ 

due to the ^S=N group near 1000 cm.”^. The C=C bond in open chains 

gives rise to bands at 1640-1680 cm.-^ according to the attached groups, 
and these vary in intrinsic intensity and are affected by conjugation. The 
C=N bond in open chains or in rings (oxazoles, oxazolones) usually gives 
rise to a band near 1650 cm.-^, but this is more variable. 

With compounds of biochemical interest, the most important links 
spectroscopically are probably O—C= 0 , and N—and combinations 
of tlfcm such as —CO—=-NH—. The free hydroxyl gioup has a stretching 
frequency near 3600 cm.“^ which is lowered by bonding to 3000 cm.-^ or 
less. Bending of this link usually gives rise to a band at 1000-1200 cm.”i, 
but assignment is often difficult in complex cases. Although small differ¬ 
ences have been found for primary, secondary and tertiary alcohol groups, 
it is doubtful whether they can be used convincingly for diagnosis. Deuter- 
ation is sometimes useful in making an assignment. 

The free NHj group in primary amines usually gives a pair of bands 
near 3300 and 3400 cm.~^, secondary amines having a single band in the 
range 3100-3500 cm.“i according to the type of attached groups. The 
imino group in C=NH has a band at 3300-3400 cm.-i. Bending vibrations 
of the N—link are not easily fixed, but usually lie in the region 
1500-1600 cm.“1. Hydrogen bridge formation lowers the stretching fre¬ 
quencies and raises the bending frequencies. Again, deuteration some¬ 
times aids assignment. When the N—H link is part of a charged group, 
as in NHJ or NHJ, the frequencies are affected as discussed below. 

The C =0 group stretching vibration frequency lies between about 
1600-1800 cm.~^ according to structural type, ring strain, conjugation or 
state of aggregation. Its value in ketones, esters, COO~ COOH, an¬ 
hydrides, some ring systems, and other classes is as a rule sufficiently 
characteristic for establishing the type in simple cases.® It is discussed 
in more detail later. 

The spectra of several classes of polymer have already been described 
elsewhere, and the measurements have been extended by other workers.* 
More detailed structural work on these compounds requires special methods 
such as the use of polarized infra-red radiation, before and after special 
physical treatment. An example of current interest is the polyester from 
ethylene glycol and terephthalic acid (Terylene). From measurements 


* Thompson, Brattain, Randall and Rasmussen, The Chemistry of Penicillin 
(Princeton, 1949). chap. 13. 

® Hartwell, Richards and Thompson, /. Chem, Soc,, 1948, 1436. Rasmussen, 
Tunnidiff and Brattain, J. Amer. them. Soc., 1949, 71, 1068. 

* Thompson and Torkington, Proc. Roy. Soc. A, 1945, 184, 21; Trans, 
Faraday Soc., 1945, 41, 246. Thompson, J. Chem. Soc., 1947, 289. Richards 
and Thompson, ibid,, 1949,124. Elliott, Ambrose and Temple, J. Chem. Physics, 
1948, 16, 877. Ambrose, Elliott and Temple, Proc. Roy. Soc., A, 1949, 199, 183. 


H 
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using polarized radiation with films before and after orientation, it appears 
that this molecule may not have the planar structure suggested by Astbury 
and Brown,® smce certain vibration bands show dichroic behaviour 
inconsistent with this. A similar example of the use of polarized radiation 
was that of mycophenolic acid crystals,® where the existence of two 
hydroxyl groups, one free and the other bonded, was revealed by rotation 
of a crystal in the polarized incident beam. The great importance of 
hydrogen bridge formation was previously emphasized m connexion with 
phenolic resins," and this is further illustrated by measurements on cellulose 
derivatives and simple carbohydrates.® 

Fig. 2 shows the spectra of cellulose, a sample of “hydrocellulose,*' 
cellulose acetate and ether, and sodium alginate. Cellulose itself has 
intense absorption due to the hydroxyl group near 3450 cm.-^, and to 
hydroxyl and ether linkages near 1050 cm.~^. Partial degradation by 
acid hydrolysis produces hydrocellulose which shows spectral changes in 
these regions, and also in the range 15-20 The alteration in bands due 
to bridged hydroxyl groups are of special interest. 



Cellulose. 



Algmic acid. 


Sodium alginate also shows differences of this kind. It may be noted 
that alginic acid is a pol3miannuronic acid with i : 4 linkages, but there 
are marked spectral differences between sodium alginate and either 
mannose or galacturonic acid. Samples of cellulose which had been 
treated with periodic and chlorous acid have also been measured, and again 
show alterations in the bands due to bridged hydroxyl groups as well as a 
small change near 975 cm.-i. These results agree broadly with those of 
Rowen, Htmt and Hyler,® but emphasize the value of work with a prism 
of lithium fluoride to bring out the differences near- 3 fi. 

The simpler carbohydrates also show important spectral differences. 
Fig. 3 and 4 show some examples, measured as powders in paraffin or 

® Astbury and Brown, Nature^ 1946, 158, 871. 

• Barer, Cole and Thompson, Nature, 1949, 163, 198. 

’ Richards and Thompson, /. Chem, Soc„ 1947, 1260. 

® Unpublished work by I. F. Trotter and A. F. Eggleston. 

• Rowen, Hunt and Plyler, /. Res, Nat, Bur, Stand., 1947, 39,133. 
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Fig. 3.—Carbohydrates. 

(i) Arabinose. Glucose. (3) Mannose. 

(4) Galactose. (5) Maltose. (6) Cellobiose. 

(7) Lactose. (8) a-Methyl glucose. (9) 2:3:6 Trimethyl glucose. 
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perfluorokerosene. The sjxjctra are so complex that analysis of mixtures 
would in many cases be impossible, but the spectra show none the less 
their characteristic nature. Perhaps the most important feature is the 
range 3200-3 Soo cm.”^ These bands arc almost certainly associated with 
stretchmg vibrations of O—H linkages, differing in strength due to variation 
in the h3?'drogen bridges. On grounds of intensity and for other reasons 
they are unlikely to be due to overtones or combinations. Further, the 
fully acetylatcd derivatives have no absorption in this region, e.g. the 
octa-acetates of cellobiose, maltose and lactose, ponta-acetyl glucose, 
hexa-acetyl difructosan. Similarly 2:3: 6-trimethyl glucose has only 
one broad hydroxyl band, and there is an appreciable difference between 
diacotone glucose and monacetone glucose. The oxide ring structure is 
borne out by strong absorption near 1000 cm.“^, to some extent paralleled 
by bands in the spectra of tetrahydropyran, tetrahydrofuran and their 
derivatives. Overlying this ether ring absorption, there are bands due 
to OH groups, which are removed or affected by acetylation, but the region 
950-1150 cm.is usually highly complex. Marked differences occur 
between the spectra of sugar isomers such as glucose and mannose, or 
compounds differing only slightly, such as dulcitol and mucic acid. 


/ 


z 

5 


4 


5 

6 


1 

8 


Fig. 4,—Carbohydrates. 

(i) Mannitol. (2) Sorbitol. (3) Dulcitol. 

(4) Mucic acid. (5) Monoacetone glucose. (6) Diacetone glucose. 

(7) Diacetone fructose. (8) Penta-acetyl glucose. 

Some measurements with deuterated sugars have also given interesting 
results, but work with polarized ladiation and small crystals in the re¬ 
flecting microscope as described by Barer, Cole and Thompson,^® seem 
particularly promising Here it was found that the different bands near 
3 ft in a polyhydroxylic carbohydrate corresponding to different bridged 
hydroxyl groups behave differently in polarized radiation. Although the 
relationships are obviously complicated, this may provide a striking new 
way for di&rentiating and locating different OH groups in the solid. This 
matter is now being examined in. greater detail. Some similar measure¬ 
ments with polarized radiation on sucrose and pentaerythritol were de¬ 
scribed by Ellis and Bath,“ working in the region 1-2-5 /*• 

The group —CO—^NH— is vitally important in many compounds of 
biologicsd interest. It occurs in amides, ureas, urethanes, peptides, and 
may form part of the ring structure in cyclic compounds such as some 
derivatives of pjTrimidine. The group may have a ketonic form (I) or 

Barer, Cole and Thompson, J. Chem, Soc., 1947, 1260. 

Ellis and Bath, J, Chem. Physics, 1938, 6, 221 ; 1939, 7, 862; /. Amer, 
Chem. Soc., 1940, 62, 2859 ; Physic. Rev., 1939, 55, 1098 ; /. Physic. Chem., 
1941. 45 » 204- 
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enolic form (III), but in the two cases respectively resonance stabilization 
may occur with a dipolar form (II) or (IV). 

—CO—NH _C=NH— _C=N— _C—N— 

i- L L 

(I) (II) (III) (IV) 

In addition, the linkages may be affected by hydrogen bonding of the 
type —C=0 . . . H—N—. Spectroscopically, the significant considera¬ 
tion is the stretching and bending vibration frequencies of carbon-oxygen, 
carbon-nitrogen, N—and O—bonds, and in order to elucidate questions 
of hydrogen bonding, measurements on both solids and solutions are 
desirable. Detailed work on simple amides has shown that the ketonic 
form (1) modified by resonance with (II) exists, with hydrogen bridges 
—.0=0 . . . H—N— being formed in the solid state. Mean values of 
the vibration frequencies are given in Table I, small variations occurring 
in different cases and with the particular nature of the solvent. 

TABLE I 



1 Solid 

Solution 

Sobd 

Solution 

Solid 

Solution 

R. CONH, . 
R. CONHRaik 
R. CONHR»r 
R.CONRiR,. 1 

1655 

1640 i 
1660/80 
1650 

1690 

1680 

1650 

1630 

1560 

1530/70 

1620 

1530 

3200, 3350 
3270 

3400, 3520 
3430 


These general conclusions seem to apply also to other related compounds. 
Table II gives the positions of bands near 6 ft for some urethanes and 
anilides. 

TABLE II 



Solid or Liquid 

Solution (dioxane) 

Solution (chloroform) 

(i) 

Oi) i 

(i) 

(u) 

(1) 

1 

(u) 

H , CO . HN^ . 

1560 

1680 

1549 

1712 

1534 

1699 

H . CONCCjH*)^ 

— 

1682 

— 

1684 


1674 

CH3CO. N(CH3)^ . 

— 

1666 

— 


— 

1652 

NHg . CO . OR 

1613 

1690 

1614 

1740 

1585 

1728 

R.NH.CO.OICgHfi) 

1540 

7000 

1540 

1740 

1530 

1735 

R,R,N . CO . 0(C,H3) 


1710 


1710 

” 

1690 


^ = phenyl. 


Urethane is usually represented by formula (A), but like an amide might 
enolize (C), either of these forms being stabilized by resonance with the 
dipolar forms (B) or (D) respectively. 


O 

/ 

NHa—C—OEt 


(A) 



NH=C<Q 
(C) 


OH 

Et 


NH- 


P) 


OH 


Et 


The band (ii) at 1710 cm. ^ in the solid iST-, AT-, disubstituted urethanes 
and that between 1660-1680 cm.~^ in the iV-alkylanilides must be assigned 


Richards and Thompson, J. Cheni. Soc., 1947, 1248. 
























230 COMPLEX MOLECULES 

to a carbonyl group stretching mode. It is natural to assign the bands 
(ii) in the simple or iV-monosubstituted urethanes in the same way. If, 
however, enolization occurred, this band might be assigned to a C'=N 
stretching mode. As with the amides previously, the spectra of iV-sub- 
stituted urethanes arc against this. For example, with the strongly 
electrophilic NOg group, the dipolar form (B) should be relatively less 
stable and the C=0 frequency should rise. With an enolic form (C), 
the dipolar form (D) would be more stable and the C=N group frequency 
would fall. The band concerned does in fact rise to 1740 cm.-i. The 
other band (i) is consistently assigned to a N—deformation, and the 
displacements in solvents are also as expected if hydrogen bridges are 
being broken. Measurements at 3 ft agree with this. 

The spectra of some alkyl, aryl and acyl substituted ureas have also 
been measured. Urea is usually regarded as having a ketonic structure 
(i), but possible dipolar forms are (2) and (3). The enolic form (4) can 
form an internal salt (2) or (5), (2) being the more likely. There is other 


(I) 


,NH, _ >NH, _ /NH, 

o—ce o—c< HO—c< o—c< 

•NHg \nH, ^NH, \NH, nNH, 

(2) (3) * (4) (5) * 


evidence for a structure in which (2) plays a prominent part. The band 
near 1660 cm.“i found in solid tetrasubstituted ureas (c.g. tetraphenyl, 
diethyl-diphenyl) must be due to vqo* ^ similar band in the mono- 
and di-substituted compounds (e.g. benzyl, diphenyl, dimethyl) can be 
assigned similarly. With iV-electrophilic substituents this value rises, 
due to a smaller participation of the dipolar form (2). The vibrations due 
to NH at 6 /A and 3 are complex. Here too, as with amides and urethanes, 
some shifts on passing to solution can be explained in terms of hydrogen 
bonding, but when strongly electrophilic iV-substituents are present, 
e.g. —NOa or CH3CO—these shifts are minimized, which suggests that 
in some of these cases, even mth solids, association is small. Since the 
dipolar form (2) in such cases is much suppressed, less powerful bonding 
might be expected. 

We may comment briefly on the spectra of amino acids, some of which 
were given in Fig. i. These compounds have the zwitterion structure 
NHJ . . . COO”. The strong band at 1590/1600 cm.-i is due to a 
stretching vibration of the ionized carboxyl group. The other mode of 
this t37pe probably lies near 1400 cm.-i, as suggested by Edsall from 
Raman measurements,^® but the region 1300-1550 cm.“i is very complex 
and contains vibrations of CHg, CH3 and NH groups which are not easily 
disentangled, even by means of deuteration. The sodium salt of phenyl 
glycine has the strong band at 1590 cm.*^, but in glycine ester hydrochloride 
and betaine hydrochloride which contain respectively a carbethoxy and 
normal carboxyl group, the voo band is at 1745 cm.“i and 1730 cm.”^. 
The electrically charged nature of the NHg groups is also confirmed by the 
spectra. As already explained, the stretching vibration frequencies of N—^H 
links in amines, imines and amides (unassociated) are usually between 3200- 
3450 cm.“^. None of the simple unsubstituted amino acids has a band 
above 3200 cm.""^, lying around 3000-3200 cm.-i. Glycine ester hydro¬ 
chloride also has the band near 3100 cm."^, but the sodium salt of phenyl 
glycine in which the amino group is not similarly charged, has a band 
near 3370 cm.-i more like that of an amine. 

Acetylation of the amino group in amino acids might be expected to 
destroy the zwitterion structure, and the spectra confirm this. The position 
of the C=0 band of the carboxyl group in acyl and aryl derivatives of 


“Edsall and Scheinberg, J. Chem. 1940, 8, 520 ; /, Amer, Chem, 

Soc.t i943» 1767. Edsall, Otvos and Rich, ibid,, 1950, 7a, 474. 
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glycine or alanine, acetyl glutamic acid, etc., cannot always be definitely 
fixed, but in many cases at least it must be much above 1600 cm.-i. Also, 
after acylation bands appear above 3200 cm.-^ due to the NH vibrations. 
Both points indicate that the ionic structure has been eliminated. 

Another feature of the simple a-amino acids is a weak but definite 
band near 2100 cm,-^. This band is absent from spectra of the N-acylated 
derivatives, and does not appear with phenyl glycine sodium salt, nor with 
^-amino phenyl acetic acid. It may therefore bo attributed to a charged 
NHg group in the zwitterion, and may be a valuable criterion since it lies 
in a relatively clear part of the spectrum. 

Spectral measurements on pol57peptide materials have already been 
described by other workers, and our results with a large number of such 
compounds agree with their main conclusions. As a rule, we find bands 
near 1640 cm."^ and 3280 cm.-^ due to voo *'nh (bonded) of the 
—CO . NH— group, and another near 1550 cm.-^ due to Sjjh- Apart 
from vibrations of CH links near 2950 cm.-^ and 1470 cm.-^, the rest 
of the spectrum (500-1400 cm.-^) depends upon the amino acid skeleton, 
and this region may possibly be used in some simple cases to identify 
the amino acid residues in a complex polypeptide or protein. Many of 
the substances also have a weak band near 305ocm.'”i, whch must be 
due to NH groups since it disappears when the polyamide is fully methy¬ 
lated or methoxylated. Whatever the origin of this band, it is certain 
that difierent kinds of hydrogen bridge formations may occur simultan¬ 
eously in some polypeptides. Here too, as suggested with the carbohydrate 
materials, work with polarized radiation should be most informative, as 
has already been shown. 

On the other hand, before a complete interpretation can be reached, 
the spectra of simpler peptides and related compounds must be understood. 
Fig. 5 shows spectra of a series of polyglycmes, measured as powders in 
paraffin or peifiuorokerosene. In glycine, as already explained, we find 
bands at 1600 cm.-i and 3160 cm.-^ corresponding to COO- and NH} 
groups, confirming the zwitterion structure suggested by X-ray work.^® 
Diglycine has a peculiarly complex set of bands between 1200-1700 cm.-^, 
differing from any of the higher members of this series. After deuteration, 
the bands at 1630, 1575, 1540 and 1240 cm.-i disappeared, suggesting that 
they are due to NH linkages. The bands at 1608, 1655 and 1670 cm.-^ 
might be associated with different kinds of C=0 group, e.g. 1655 cm.-^ 
■with —CONH— and 1608 with COO-. The higher polyglycines have bands 
near 1440, 1540, 1640, and i68ocm.-i. Those at 1540 and 1640 cm.-^ 
are due to the —CONH— group, and that at 1440 cm.-^ probably to CH* 
groups. The band near i68ocm,-i might be attributed to non-ionized 
COOH groups, increasing in strength as the chain lengthens and the 
zwitterion structure is diminished, and indeed another band near 1400 cm.-^ 
attributable to the COO” group disappears as that near 1680 cm.“^ appears. 
If this interpretation were correct, we might have a useful method for 
determining end groups, but the bands due to NHg groups at the other 
end of the molecule are less obvious, and that at 1680 cm.-^ is rather 
stronger than might be expected. In the 3 /* region, diglycine is again 
abnormal; the higher members have bands near 3080 and 3300 cm.-^, 
except that the former is strangely absent with pentaglycine. 

A similar series of polyglycine ester hydrochlorides is shown in Fig. 5. 
In the higher members -there are bands at 1550 (S^h) and 1640 (1^00) of 
the peptide group and 1740 {vqq) of the ester. The bands near 3 fi due 
to NH vibrations are less easily assigned, but the dimer is again abnormal. 

i*Astbury, Dalgleish, Barmen and Sutherland, Nature, 1948, 162, 596. 
Darmon and Sutherland, /. Amer. Chem. Soc., 1947, 69, 2074. Ambrose, ElUott 
and Temple, Nature, 1949, 163, 567. 

“ Elliott, Ambrose and Temple, Nature, 1949, 163, 859. 

Albrecht and Corey, J. Amer, Chem. Soc., 1939, 61, 1087. Levy and Corey, 
ibid., 1941, 63, 2095. 
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Fig. 6 shows spectra of some simple peptides. These formed from two 
simple amino acids (2-, 3-, 4-, 5-) have strong bands near 3250 cm.”i and 
3070 cm.~^. The former must be due to ot the CONH group, the 
latter to a charged amino group, i.c. some dipolar character remains. In 
the region 1400-1700 cm,“^ these four simple peptides again differ from the 
polyamides and the CO and NH groups must be aliected by ionisation or 
hydrogen bonding. With the acetylated compounds (6-, 7-, 8-, 9-, 10-) 
which have no residual NHj and COOH ^oups, the spectra near 3 and 
6 jti are much more like those of a polyamide. 



Gj—G„. Glycine, di-, tri-, tetra-, penta- and poly-glycine. 

Hj—Hg. Ditto, ester hydrochlorides. 

Derivatives of p5rrimidine and purine are important in coimoxion with 
the biochemistry of nucleic acids. We have measured the vibrational 
spectra of about 80 of these compounds between 2-20 fx as solids in paraffin 
or perfiuorokerosene. More detailed results will be given elsewhere, but 
a few points may be mentioned. Spectra are shown in Fig. 7 and 8, 
showing rather better resolution than that obtained by Blout and Fields 
for a few of these compounds. The spectra are highly characteristic with 
no obvious regularities, but closer inspection reveals features connected 
with the tautomerism which can occur in some of the compounds and which 
may be fundamental in metabolic processes. 

Pyrimidine itself shows some similarities with benzene and pyridine 
as regards the strong bands. The chloro- and ethoxy-derivatives (Fig, 7, 
(2)-(6)) all have a strong band around 1550 cm.*"^, probably due to a 
C==N ring vibration. In the other substituted pyrimidines and particu- 

Blout and Fields, ibid., 1950, 72, 479. 
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larly those in which tautomerism is possible, this band is displaced. 
This might occur because the enolic form (—N=C(OH)—) ketonizes to 



Fig. 6.—Peptides. 


(i) Diketopiperazine. ( 2 ) /-Leucyl-a-phenyl alanine. 

(3I 4-(i-valyl)i-omithine. (4) i-Ornithyl-i-leucine. 

(5) i-Prolyl-valine, (6) Diglycyl ethylene diamine. 

(7J Acetyl diglycyl ethylene diamine, (8) Dichloroacetyl ethylene diamine. 

(9) Acetyl tyrosyl methylamide. (10) Acetyl glycine methylamide. 



Fig. 7.—^Pyrimidines : chloro, ethoxy, and hydroxy derivatives. 

(—^NH—CO—^), with variable degrees of participation of the dipolar form 
(—NHtssCO”—) according to the other substituents present. It may 
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also be recalled that the ring vibrations of substituted benzenes at 1500- 
1600 cm.“^ are much dependent as regards position and intensity upon 
the substituent groups. 

The hydroxy derivatives (Fig. 7) show new bands between 1620- 
1750 cm.”^ which strengthen the idea of a ketonic form modified by 
the dipolar structure. The bands often occur in pairs. Thus 2-hydroxy 
pyrimidine has a pair ” at 1625-1645 cm.”^ the 4-hydroxy derivative 
a pair at 1670-1685, and the 2 : 4-dihydroxy compound two pairs at 
1650-1670 and 1715-1735 cm.“^ In this region the 4-hydroxy-6-methyl 
and 4-hydroxy-2 : 6-dimethyl derivatives resemble 4-hydroxypyrimidine 
fairly closely. 2-hydroxy, 4-hydroxy and 2 :4-dihydroxypyrimidiiie 
(uracil) have no bands above 3200 cm.”^. This may mean that if the NH 
is present at all, it is present as NH+, although there is little difference 
between chlorop3nimidines and the hydroxy derivatives in this region. 
Piperidine and pyrrole and the amino-pyrimidines have bands near 
3300 cm.-i, but with diketopiperazine the main bands lie < 3200 cm.~i. 
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Fig. 8.—Pyrimidines. 

(il 2-OH. (2) 2-OH deuterated. (3) 4-OH. 

(4) 4-OH deuterated. (5) 2: 4-di-OH, (6) 2 :4-di-OH deuterated. 

(7) 2-NH3. (8) 2-NH2 deuterated. (9) 4-NHa-6-Cl. 

(10) 4-NH2-6-CI deuterat^. (ii) 4-NHa-2 : 6-dimethyl. 

(12) 4-NHa-2 : 6-dimethyl, deuterated, (13) 4 : O-dimethyl-z-NHj. 

(14) 4:6-damethyl-2-NH2 deuterated. (15) 2-methyl-4: 6-dimethoxy 5-NH3. 

In 4: 6 dihydroxypyximidine, where only one ketonic group is likely to 
arise, only one pair of bands at 1640-1680 cm.~i appears, with bands near 
3300 cm.-i. The 4-hydroxy-6-methyl and 2-methyl-4 : 6-dihydroxy com¬ 
pounds are similar at 1650-1700 cm.-^ but have no bands > 3200 cm.-^. 
2:4: fi-trihydroxypyrimidine surprisingly has only one pair near 
1700 cm.-^ but two strong bands near 3100 and 3200 cm.-i. The 
I : 3-dimethyl uracil, which must contain two ketonic groups also has 
only one pair near 1650 cm.”i. In an attempt to sort out the bands at 
1620-1750 cm.”"! several of the compounds were deuterated. As seen 
from Fig. 8 {i)-(6), the pairs of bands are not much affected, and not as 
expected if they were due to NH vibrations. 

To summarize, it seems that although no detailed analysis can be given, 
many of the results are best explained in terms of the ketonic structure 
with a variable participation of the dipolar form. Variation in hydrogen 
bonding will also affect the situation, and the type and position of sub¬ 
stituent groups will be important. 
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One final point arises with the amino-substituted derivatives (Fig. 8 
(7 )-(i 3)). These usually show a strong band near 1650 cm."! which is 
removed by deuteration (Fig. 8 (8) (10) (12) (14)) and must be due to an 
NH mode of some kind. In 2-mcthyl-4 : 6-dimethoxy-5-amino pyrimidine 
(Fig. 8 (15)) which is incapable of tautomcrism the band at 1650 cm."! 
is absent. We could argue from this that in the previous amino derivatives 
tautomerism had occurred, leaving an imino group responsible for the 
1650 band, and also for those near 3300 cm."!, a closer correlation of 
these results with structures determined from X-ray work !® might be 
helpful, and the dichroic behaviour of some of the bands might assist in 
their correlation. 

One of us (L.N.S.) is indebted to the Australian National University 
for the award of a scholarship. 

The Physical Chemistry Laboratory, 

Oxford. 

!® Qews and Cochran, Acta Cryst., 1948, 1,4; 1949 # 3 * 4 ^- 


THE INFRA-RED SPECTRUM OF ETHYLENE 
POLYMERS 


By L. H. Cross, R. B. Richards and H. A. Willis 
Received igth July, 1950 

Infra-red methods have been devised for the determination in ethylene 
pol3miers of methyl group concentration, the type and amount of unsaturation, 
and the nature and quantity of oxygen containing groups. These determinations 
are important in considerations of the physical properties, polymerization mechan¬ 
ism and sensitivity to chemical attack of the polymers. 

A strong correlation between the extent of chain branching and the degree 
of crystallinity has been established for higher molecular weight polymers. 
Unsaturation determinations on a series of fractions covering a wide range of 
molecular weights show that the total number of double bonds per molecule is 
of the order of 0*3 to 0-4 both for original polymer and for the fractions. Whilst 
the ]^'C=CH2 type of unsaturation is most common in direct polymers of 
ethylene, the RCH==CH2 type is prominent in low molecular weight pyrolyzed 
polyihenes and in photo-oxidized polyethylenes. The oxygen containing groups 
found by infra-red methods in natural or oxidized polyethylene are mainly 
ketonic or aldehydic, though some hydroxyl exists. 


The wide range of products which can be made by the polymerization 
of ethylene includes liquids, greases, soft and hard waxes and thermo¬ 
plastics vaiydng in melting point by as much as 25° C as well as in hardness, 
softness and tensile strength. To some extent these variations in physical 
properties can be attributed to changes in average molecular weight and, 
to a minor extent, in molecular weight distribution, but major diScrenco.s 
in physical properties are observed at constant molecular weight and are 
due to variations in the degree of crystallinity and, in turn, to the varia¬ 
tions in the degree to which the molecules have a branched chain structure. 
The most powerful tool for the determination of the degree of chain branch¬ 
ing in ethylene polymers is the infra-red spectrum. ! 

Many ethylene polymers, including normal commercial samples, differ 
from a simple high molecular weight straight-chain paraffin also in being 

! {a) Thompson and Torkington, Trans, Faraday Soc., 1945, 41, 246; (&) 
Downing, quoted by Bryant, J. Polymer Sci., 1947, 547 - 
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to some extent unsaturated. The total extent of the unsaturation is 
known from measurements of iodine number, bromine number and hydro¬ 
genation number, but the inlra-rcd spectrum is able to show the extent 
to which the unsaturation occurs in the various t>T)es of olefinic bond such 
as R . CH : CHg. R . CH : CH . R' or R R'C : The double bonds in 

ethylene pol^miers are normally present to the extent of, as a maximum, 
only one per molecule and have little effect on physical properties, but may 
be, of course, a centre of sensitivity to chemical attack in, for example, 
oxidative deterioration. The extent of the various types of double bond 
is also of importance in connection with studies of the mechanism of 
ethylene polymerization, and measurement of the concentration of the 
various t37pes by the infra-red method has been used in a recently published 
study * ot the mechanism of the thermal degradation of ethylene polymers. 

The infra-red spectrum may also be used to detect and estimate quanti¬ 
tatively oxygen-containing groups in ethylene polymers which may occur 
as a result of an oxygen-containing catalyst or of impurities such as carbon 
monoxide in the ethylene. They also arise as a result of thermal or photo 
oxidation. The groups which can be most readily identified and estimated 
are carbonyl and hydroxyl; unfortunately the peroxide group, which may 
occur as a result of oxidation is not readily detected by the infra-red 
spectrum. 

Determination of Chain Branching.—^In the examination of the infra¬ 
red spectrum of polyethylene in the 3 ft region. Fox and Martin ® observed 
that the strength of the band at 3-2 /t indicated that there was an unex¬ 
pectedly high proportion of the methyl groups in the polymer molecule, 
and hence the molecule had a branched-chain structure. This is confirmed 
by examination of the spectrum at around 7*3 jtt and 11*3/4 where there 
are also bands which arc caused by methyl but not by methylene groups 
and which can, in principle, be used for the determination of the number 
of branches in the polymer chain. Considerable caution must, however, 
be used in obtaining quantitative figures for methyl group contents in 
ethylene pol3rmers. 

The band at 7*3 p, (1378 cm.“i) has been used by Thompson ^ to esti¬ 
mate methyl groups. An examination of the extinction coefi&cient of 
this band in a number of straight and branched chain paraffins shows that 


there is a linear relation between the extinction coefficient K 



at 1378 cm.-i and the ratio of the number of methyl groups to the total 
number of carbon atoms in the molecule ([CH8]/[C]). This is shown in 
Fig. I A, based on the spectra from the Naval Research Laboratory given 
in American Petroleum Institute Collected Infra-red Spectra, The following 
relation is obtained from this graph : 


[CH3]/[C] = 1*35 X io-« 

■^ 1378 ' 

Extinction coefficients depend to some extent on instrument and technique, 
and for the Grubb-Parsons instrument used for most of the work on chain 
branching, the coefficient in the above expression has been found to be 
1*9 X 10-*. V^Tien, however, one comes to use this band for the determina¬ 
tion of the methyl group concentration in a typical sample of an ethylene 
polymer, two important points arise. The first is that the 1378 cm.-^ 
band lies close to and overlaps a doublet at 1367 and 1355 cm."^ which 
appears to be characteristic of methylene groups, and considerable care in 
graphical resolution is necessary, particularly in polyethylene samples 
where the amount of branching is small. The second point is that the 
intensity of the 1378 cm.“i band has a different value for solid polyethylene 
at ordinary temperatures than that for the same polyethylene above its 
melting point. For a normal sample the intensity in the solid is about 


® Oakes and Richards, /. Ckem, Soc., 1949, 2929. 

® Fox and Martin, Proc. Roy, Soc. A , 1940, 175, 208. 
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twice that in the liquid. The expression derived above from the low 
molecular weight parafl&ns applies only to liquid polyethylenes and con¬ 
sequently the intensity of the 1378 cm."^ band must be measured in the 
molten state. Unfortunately the intensity of the 1367 and 1355 cm.“^ 
doublet is much greatei in the molten state than it is in the solid, and in 
many polyethylene samples in the molten state the 1378 cm.band is 
only a shoulder on the side of the methylene doublet. Some examples 
of the spectrum in the 1350 to 1400 cm.-^ region for ethylene polymers of 
varying methyl contents are shown in Fig. 2. Nevertheless, provided these 
points are borne in mind, the 1378 cm.-^ band can be used as a measure of 
the methyl group content and hence the extent of chain branching in 
ethylene polymers. A sample of commercial polyethylene (Alkathene 20) 
is found to have one methyl group for every 25-35 carbon atoms. 

Another band which may be used in the determination of chain branch¬ 
ing lies at 11*2 ^ or 891 cm.“i. This band, although only one-tenth of the 



Fig. I. 


Fig. 2. 


intensity, is in some ways more satisfactory than the 1378 cm.band as 
in high molecular weight parafl&ns it lies well away from other bands and 
no resolution from near neighbours is required. Fig. iB, also based on the 
data from the Naval Research Laboratory given in A,PJ. Collected Spectra, 
shows the linear relation between the extinction coefidcient of this band 
and the methyl content of the hydrocarbon : 

[CHs^/fC] — 1*25 X 10“"® A^ 891 * 

For the Grubb-Parsons spectrometer, as used in this work, the coeffi¬ 
cient is 2*0 X 10-*. Here again, however, attention must be paid to the 
efiect of phase changes on the intensity of this band. For example, in 
straight-chain parafffiis such as hexatriacontane there is something like 
a six-fold increase in intensity in passing from the liquid to the solid state, 
and although the change in ethylene polymers is less marked than this, 
there may be a 2- or 3-fold variation. Here again, therefore, the intensity 
of this band must be measured in the molten state if the expression above 
is to be used for methyl content determination. There is, however, a 
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second cause of error. It is that there is a band characteristic of one of 
the types of double bonds which are found in polythene which has an almost 
identical wave number value (888 cm.“i) and cannot be separated from the 
methyl group band (891 cm.-^). In a sample of polyethylene of molecular 
weight about 15,000 (c.g. Alkathene 20) the contribution of the double bond 
to the band at 891 cm.-^ may be as much as one-third of the total intensity, 
and in low molecular weight polythenes, where the double bond concentra¬ 
tion is greater, the bulk of the absorption of 8S5-895 cm.“i is due to un¬ 
saturation. This is shown by the fact that hydrogenation or bromination 
reduces the intensity of this band and moves the peak slightly in the 
direction of increasing wave number, and the absorption at this wave 
length only gives a true measure of methyl group content if the measure¬ 
ment is done on a polymer sample after all unsaturation has been removed 



by, for example, hydrogenation. When these precautions have been 
taken the methyl group content determination on a sample of Alkathene 20 
from this band is also about one methyl group in 25-35 carbon atoms. 

The methyl group concentration determined in cither of these ways 
varies from as much as one in every 15 carbon atoms to as little as one in 
200 carbon atoms, and in the higher molecular weight polymers there is a 
clear cut correlation between the degree of chain branching, as measured 
by infra-red spectrum, and the degree of crystallinity, as measured by the 
density, the X-ray absorption, or the intensity of certain infra-red bands 
which have shown to be characteristic of methylene groups in crystalline 
or amorphous re^ons only (Fig. 3), The effect of crystallinity and phase 
changes on the infra-red spectrum of long-chain parafi&ns and ethylene 
polymers is described in a forthcoming paper. 

Determination of Unsaturation.—Olefinic double bonds lead to absorp¬ 
tion in the infra-red at wave lengths of about 3*3 ft, 5*6 ft, 6*i ft and 

* Thompson, J, Chem, Soc., 1948, 328. 

» Anderson and Seyfried, AtmI, Chem., 1948, ao, 998. 
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10-14 For quantitative estimation the last region is most con¬ 

venient for here each separate type of double bond gives a well-defined 
intense band at frequencies so far apart that resolution one from the other 
is simple. The frequencies corresponding to the different types of double 
bond are listed in Table I. 

TABLE I.—Infra-red Bands for Olefinic Unsaturation 


Double Bond Type 

Wave Number 
cm.-i 

Molai Extinction 
Coefficients * 

R . cn=CH 2 . 

990 

_ 


908 

lai-o 

R . CH=CH . R' (tvans. only) 

964 

85-4 

RR'C=CH 2 . 

888 

103-4 

RR'C=CHR". 

835 

34-6 

R . CH=Cn . R' (ds ?) 

705 

21*0 


* Molar extinction coefficient € = ^ log 

where M = mol. wt. of absorbing group (i.e. 24 for 0 =C), 

C is concentration of the group in g./l., 
d is cell thickness in cm. 

Table II also gives average values for the molar extinction coefficients 
corresponding to each of these bands, based on the extensive work of 
Anderson and Seyfried * on a large number of low molecular weight liquid 
olefines. If one could be assured that these molar extinction coefficients 
were valid for solid or semi-solid high molecular weight materials, it would 
be simple to measure quantitatively the proportion of any type of double 
bond in polythene. There is, however, a serious complication, account of 
which must be taken before the infra-red spectrum can be used quantita¬ 
tively. It is that, as has been shown in the previous section, saturated 
hydrocarbons also absorb at ca, 890 cm.~i and that in a normal polyethylene 
of molecular weight around 15,000 the greater part of the absorption here 


TABLE II,— ^Absorption at 885-895 cm.-i after Removal of 
Unsaturation 


Sample 

X 

a 

Molecular Weight 

X400 

13,000 


log Y at 885-895 cm.-t 

Original sample ..... 

33’0 

6-6 

After bromination, i.e. due to methyl . 

5-0 

4*7 

Difference, i.e, due to RR'0=CH2 

28*0 

1-9 

After hydrogenation, i.e. due to methyl. 

5*0 

4-6 

Difference, i.e. due to RR'C=CH2 

28-0 

2*0 


is due to methyl groups, rather than to the group RR'C : CH,. The 
absorption spectra of saturated aliphatic hydrocarbons also show a band 
at 964 cm.~i; this is almost exactly superimposed on the band corre¬ 
sponding to R . CH=CH , R'. If, therefore, the proportion of these two 
types of double bonds in polythene is to be measured, a correction must be 
applied for a proportion of the absorption at these frequencies due to the 
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saturated portions of the polymer chain. In low molecular weight ethy¬ 
lene polymers the bulk of absorption at 885-895 cm.- >■ is due to imsatura- 
tion, but in high molecular weight materials the bulk is clu<‘ to chain branch¬ 
ing and great care must be takim in si'parating the oonfributions caused 
by the two tj'jios of structure. The extent of the separate contributions 
in bipb and low molecular weight polythenes is .showji in Tabli' 11 , in which 

values of ylog^ (d in cm.) of two samples of eihyleue poljuners Iw'fore 
CL J 

and after removal of doubl<‘ bonds by hydn^jj-onation or broniiiialioii, are 
listed. 

Absorption at 964 cm.” ‘ remaining aft<‘r removal of iinsat unit ion 
is generally small and only in high molecular weight sam[)l(‘s is s<‘rioiis 
error introduced by neglecting this in a determination of R . Cl f : CUl. U' 
groups from the infra-red spectrum. 

The three types of unsaturation found in ('Ihvhmc polymers arcs 
R . CH : CHa. R . CH : CH . R' (irans) and RR'C : CHa. The last is 
generally the most common in direct polymers of ethylene, whereas the 
vinyl group is most common in low molecular weight j>yToIyzed p(^ly- 
thenes. The group RR'C: CIIR" has so far been found only in t wo polymer 
samples, and then only in an amount corresponding to U‘ss than to % 
of the whole. The band near 700 cin.-^ corresponding to ciA-K.CFl:ClI.R' 
has not yet been detected in an ethylene polymer sample‘. It is un¬ 
fortunate that there is not a definite band for the tetra-alkyl othyleiu' groii]) 
RR'C : C R"R'". Anderson and Seyfried iji tlnur work on petroleum 
derivatives used the dilfercnce between the total unsaturalion measun'd 
by bromine absorption and the sum of the values for tlu‘ R . Oil : CII2, 
R . CH : CH . R' {cis- and trans-) RR'C==CHR" and RR.'(' : Cir2 groui>s 
as a measure of the proportion of RR'C=CR"R'". Fig. 4 shows a plot 
of the sum of the percentages of the various types of double bonds (cal¬ 
culated from the infra-red spectra with the aid of the coclTicienls given in 
Table II) against the iodine number for a numl>er of samples of ethylene 
polymers ranging from a solid of molecular weight about 15,000 to greases 
of molecular weight as low as 480 and liquid pyrolysis products of mch'cular 
weight as low as 220. The broken line is the total double l>ond concentration 
calculated from the iodine number. The samples, in addition to covering 
a wide range of iodine numbers, molecular weight and physical forms 
(solids, pastes, greases and liquids), also varied considerably in the pro¬ 
portions of the types of double bonds ; they include polymers in which the 
bulk of the unsaturation is of the typ^' RR'C : CH^ and sam]>los made by 
pyrolywsis in which the bulk occurs as vinyl groxips. It is .seen that in Fig. 4 
the points representing the sum of the percentage concontrillions of ('•=C 
calculations for the infra-red lie close to tJui lino representing the C—C 
concentration calculated from the iodine number, but since we cannot 
assume that the coefficients based on Anderson and Seyfrietrs work on 
liquids are valid for solid or semi-solid polymers the pn'senct' or absence 
of the RR'C=CR"R'" group is still an open c|uestion. 

As an example of the use of infra-red absorption in the study of un- 
saturation we may quote the results on a sample of Alkatlienc 70 and on a 
series of fractions of number average molecular weight from 1250 to ca, 
35,000 made from the sample. In all, 53 fractions were produced ; the 

spectra of six have been examined and the values of 4 log 4? for the bands 

at 908, 964 S 38 cm."^ have been measured. When these values are 

plotted against the reciprocal of the number average molecular weight of 
the fractions it is found that whereas for the 908 cm.-i band the points lie 
reasonably close to straight lines through the origin (as would be found if 
the number of R. CH : CHj groups per molecule were constant), the points 
for the 888 cm."^ band are better represented by a line with an intercut 

(corresponding to 4ifijiitely high moleculw we^ht) of about 3-0 for \ log 

d I 
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It is suggested that this corresponds to the degree of branching in the poly¬ 
mer chain, and, if this is constant for the various fractions, the difference 



unsaturation. Th(* points for the 964 cm.“^ band are best represented by 
a line ^vith a small intercept of about o*/|. Taking account of these inter¬ 
cepts, values an‘ calculated for the concentration of 0=0 in the original 
polymer and in th<‘ fractions, and by combining tliis result with the molec¬ 
ular weiglits, for the average number of double bonds per molecule. 



Fig, 4,—Relation between sum of concentration of R. CH=CH2, RCH=CHR' 
and RiVO=Cll2 double bonds and iodine number 


It is seen that tlu^ RR'C : CHg group is the most frequent and that the 
total number of doiibh* bonds per molecule is of the order of o*3-o-4 for 
all .sampl(‘s. The figures for the high molecular weight fractions and indeed 
for all ])olymers tif molecular weight above ca. 10,000 are of course very 
approximate as they depend so much on the* value assigned to the con¬ 
tribution to absor].>tjon at 888 and of>4 cra.-^ due to non-olefinic groups. 
In other ethylene p(jlym(‘rs which have been examined the total double 
bond concentration is usually within the range 0-3 to i*o. 

Presence of Oxygon containing Groups in Polycthylenes.—In the 
infra-red spectra of some samples of polyethylene, weak absorption bands 
are found at 1720 wave numbers aitd 3600 wave numbers. Absorption 
bands in those positions are not found in the spectra of paraffins and olefins, 
and the presence of some other structure is indicated. Since small amounts 
of free or combined oxygen may be present in the gases used or the catalyst, 
we have attributed these absorption bands to the presence of carbonyl and 
hydroxyl groups respectively. This assignment is borne out by the fact 
that the intensities of these absorption bands vary considerably between 
different samples. 

The frequency of the carbonyl group absorption band (1720 wave 
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numbers) indicates aldehydic or kotonic groups, but since sonu^ long 
chain aliphatic carboxylic acids have al)soi])tion bniuls in spi'cfra 

at 1715 wave numbers, an absorption band clu(‘ to the car]>o\\l j»ron]) 
might not bc' resolved if it were present, and th(‘ possibility th«it some of 
the absorption at 1720 wavt* niunlxTs is due to thi‘ c,irbo\vl group must 
l)c considered. However, if carboxyl groups wen* pn*s('nt. a furtlu*!* IsukI 
near 1200 wave numbers should occur, <bii‘ to tin* (' () \ibiMtion within 

the carlx^xyl groiij). Since we have not d<‘t(M'ted a band m this n‘gion 
which varies in intensity in ditteront sain]>les, th<* eonehe.ion is that at 
least the major portion of the absorption at 1720 wave nundxns is dm* to 
aldehydic or kctonic groups. 

From the point of view of the o.stimation of the oxygtMi content t)f 
polyethylcncs by means of the alxsorption band at 1720 wav<* nuinb<‘rs, 
possible interference from the presence of the carboxyl group is an im¬ 
portant factor, since the molar extinction coeltici(‘nt for the carboxyl 

TABLE III.— ^Double Bond Concentkxtions in Poly then k I*'r\chons 


Sample 

Mol. wt. 


Wt. % ol C=i.C 


Total 

Doubh* 
Uiiml', per 
M()l< (11 le 

(Number 

average) 

R.CH=rHa 

tram- 

R.CH=(H.l<' 

KR't : 1 11* 

Fraction 1 

1250 

0*120 

0*095 

0*400 

0*015 

0*32 

Fraction 2 

2300 

0*059 

0*080 

0* Kx) 

0*308 

0*30 

Fraction 3 

4500 

0*042 

o*o.^o 

0*1 lo 

o*l(>2 

o* 3 <) 

Fraction 4 

7700 

0*014 

0*022 

o*o<)<) 



Original 

Polymer 

IIOOO 

0*019 

0*012 

0*047 

(>•078 

o* 3 (> 

Fraction 5 

15500 

0*011 

0*01 £ 

0*020 

0*042 

ra, 0*3 

Fraction b 

35000 

0*007 

0*004 

0*011 

0*022 

rn, 0*3 


group at 1715 wave numbers is about twice that of the ketonio or aldc- 
hydic carbonyl group at 1720 wave numbers. To neglect |K)s.siblc inter¬ 
ference by the carboxyl group band would therefore involve th(% pos.si- 
bility of considerable error in oxygen determination. 

The absorption band at 3360 wave numbers in some samples indicat<\s 
the presence of fully associated hydroxyl groups of an alcoholic natures 
Absoiption in this position also occurs when the polytd hyleju' .sam])le 
contains a small quantity of water, but if this is remov<‘d by vaciuiin- 
drying there is often residual weak absorption in this position. In no 
case have we observed an absor|)iion band at 3600 wavt* mnnlH‘rs, wliich 
would indicate the pre.sence of free hydroxyl groups. I Iowev<*r, i luj molar 
extinction coellicient of the band at 3360 wave numlx'rs, duo to the as¬ 
sociated hydroxyl group, is greater than that dut^ to tlio fr(*e l\yclroxyl 
group at 3600 wave numbers, and it is therefore possible that a r<*lativ<*ly 
small concentration of free hydroxyl groups might not be cU*t<*cted, in 
view of comparatively intense absorption of polythene in this region. 

Although the spectra of some peroxides and hydroperoxides have been 
examined, there does not appear to be an absorption band, comparable 
in intensity with the carbonyl and hydroxyl group absorption bands, 
which is characteristic of the peroxide or hydro-peroxide group, and the 
infra-red spectrum cannot therefore be used to detect these groups. This is 
particularly unfortunate in oxidation studies, when the initial peroxide 
content might be expected to be an important factor in determining the 
rate of oxidation. 

We have no evidence of the presence of other oxygen containing groups 
which could be readily detected, such as the ether linkage, in either natural 
or oxidized polyethylene samples. 
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The Study of Heat and Photo Oxidation of Polyethylene.—^The 
spectrum of a sample of Alkathenc 20, before and after heat oxidation 
for 80 hr. at 105° C is reproduced in Fig. 5 a and 5B, The most prominent 
difference in tlie spectrum is at 1720 wave numbers, where the very weak 
absorption band occurring in the original sample has increased markedly 
in intensity. This difference is attributed to the uptake of oxygen as 
carbonyl groups. 

The evidence is that here also the absorption is almost entirely due to 
aldehydic or ketonic carbonyl groups. The only additional absorption 
band which might be attributed to the C—O vibration of a carboxyl ^oup 
is the weak band which appears at 1170 wave numbers in oxidized samples. 
The presence of a small concentration of carboxyl groups in a sample of 
very heavily oxidized polythene was established by boiling a heat oxidized 



film in dilute sodium hydroxide .solution. The spectrum of the film after 
this treatment showed an absorption band at 1550 wave numbers (Fig. 6). 
Absorption in this position is characteristic of the presence of a metallic 
salt of a carboxylic acid, and it was therefore presumed that the sample 
contained some carboxyl groups although these could not be quantitatively 
estimated owing to the difficulty of ensuring complete conversion of the 
carboxylic acid to the salt. This sample, however, was so hea^vily oxidized 
that, as can be seen from Fig. 6, the carbonyl group absorption band was 
much too intense to measure, and a similar experiment p^orm^ with a 
less oxidized film, in which it was hoped to measure the intensity of the 
absorption band at 1720 wave numbers before and after this treatment, 
produced neither a measurable absorption band at 1550 wave numbers nor 
a measurable decrease in the intensity of the 1720 wave number absorption 
band. It was concluded from this evidence that the contribution of car¬ 
boxyl groups to the absorption band at 1720 wave numbers was negligible. 

The other major spectral difference is the greatly increased intensity of 
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the hydroxyl group absorption band at 3360 'wave numbers. Even in 
hea'vily oxidized samples, containing an appreciable concentration of 
hydroxyl groups, there was no indication of the presence of an absorption 
band at 3600 wave numbers due to the free hydroxyl group. 

Another effect of oxidation, which -was noted by Thompson and 
Torkington » in their examination of heat-oxidized rubber, is a general 
increase in the intensity of absorption in Iht' region of 800-1700 wave 
numbers. This effect is partially du(‘ to o])tical scati ('ring by the solid 
film, since the transmission of an oxidized iilm increases considerably on 
molting, but this does not appear to bo the complete explanation. 

Minor spectral differences occur in the region of 900-1000 wave numbers, 
which are due to small differences in unsaturation on oxidation, but there 
does not appear to be a marked difference in any of the three t3rpes of 
unsaturated groups found in polyethylene on heat oxidation. 



coemcient of di-»-butyl kotone at 1720 

The effect of photo-oxidation has also been studied. The infra-red 
spectrum of Alkathene 20 after photo-oxidation is given in Fig, 5c. All 
effects noted on heat oxidation are apparent in photo-oxidation. 
There are, in addition, certain other well-defined differences. An ab.sorp- 
tion at 1645 wave nurnbers, which is sometimes found as a very weak band 
m the spectra of thick samples of natural polyethylenes appears as a 
mo<ierately intense absorption after photo-oxidation. The absorption 
bands at 909 and 990 "wave numbers also increase markedly in intensity. 

All these differences may be attributed to a considerable increase in 
unsaturation of the type RCH^CH*; the absorption bands at 909 and 
990 wave numbers being the frequencies associated with the deformation 
of the C li nk ages about the double bond; the absorption at 1645 is 
the corresponding C=C stretching frequency. The difference at 909 and 
99 f> ■'^ve numbers are comparatively more marked, since the molar ex- 
tmction coefficients for these absorption b<inds are much greater that 
of the 1645 wave number absorption band. 

It n^y be said, therefore, tl^t the major qualitative differences ob¬ 
served m the infra-red spectra of samples of oxidized polyethylenes may 
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be correlated with the formation of carbonyl and hydroxyl groups ; while 
in heat oxidation there are no well marked differences in unsaturation 


there is. in photo-oxidation, a considerable increase in unsaturation of the 
type RCH=ClIa. 

The Quantitative Determination of Oxygen containing Groups.— 
The estimation of the oxygen present as carbonyl groups is of particular 
hiterobt, sinc(i this accounts for the major proportion of the combined 
oxyg(‘n which can l)o detected both in normal polyethylenes and in oxidized 
samples. 

The molar extinction coefficient for the absorption band at 1720 wave 
numbers has been determined on a number of simple aldehydes and ketones. 
A calibration curve ])roduced from measurements taken on solutions of 
di-w-butyl ketone in cyclohexane is reproduced in Fig. 7 : from the slope 
of this graph the molar extinction coefficient, as determined on the D209 
spectrometer (used as a single beam instrument with dried air-path) is 
188. Other comparable ketones and aldehydes give values withm 20 % 
of this figure. 


The carbonyl concentration in a sample is found by measuring the 
value of ~ log [d == thickness of sample in cm.) at 1720 wave numbers 


dividing by the molar extinction coefficient, and calculating from molar 
concentration to grams per cent. The accuracy attainable may be ex¬ 
emplified by a c( 3 m]>arison between cliemical determinations and infra-red 
results obtained on two ethylene-carbon monoxide intcrpolymcrs which 
were m<‘asured in chlon>form solution. 


TAB BE IV. —Carbonyl Content of Ethylene-Carbon Monoxide 

INTERPOLYMERS 



Sample x 

Sample 2 


Cb^iral 

Infia-Red 

Cliemical 

Infra-Red 

Carbon 

75-7 % 


82-1 % 


Hydrogen . 

11-2 % 


12-8 o/„ 


Carbonyl (by dillereuce) 

% 

^(5 % 

9-0 % 

lO-I % 


In the measurement of Jg* R is necessary to apply a correction for general 
absorption or scattering, otherwise appreciable error may be introduced 
especially with highly oxidized samples. 

The magnitude of the correction is determined by measuring the trans¬ 
mission of the required sample, and that of a similar sample containing 
no carbonyl grc>u])s, at some frequency near 1720 wave numbers at which 
no specific absorption occurs in cither sample. The ratio of the trans¬ 
missions at this frequency gives a measure of the relative scattering of the 
two samples. It is assumed that the relative scattering is the same at 
1720 wave numbers, which is justified if the comparison position is suffi¬ 
ciently near this frequency. The transmission of the comparison sample 
at 1720 wave numbers is now measured, and from the determined scattering 
ratio the transmission Zg of the required sample at 1720 wave numbers 
may be calculated. I is then measured directly, and the oxygen content 
as carbonyl groups may be calculated. 

The concentration of hydroxyl groups in a sample is found in a similar 
way, using a molar extinction coefficient calculated from measurements 
on simple alcohols. This molau: extinction coefficient is found to be ap¬ 
proximately 54 for the D209 spectrometer. 


Imperial Chemical Industries Research Departments, 
Alkali Division, Northwich, 

Plastics Division, Welwyn Garden City, 
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AND PROTEINS 
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Observations of the infra-red spectnnn of proteins .ind polyi)ej)li(lt‘s in the 
overtone region, using polarized radiation, have shown iluit a hand at ap¬ 
proximately 4840 cm.-^ can be used to distinguish between extended and folded 
configurations, even in the presence of liquid water. These observations are 
used to interpret some observations on single haemoglobin crystals, from which 
it appears that the N-- 1 I bonds have a prelcrential oiieut’ation along the a 
crystallographic axis. The results are consistent with pievionsly jmbJishcd 
■work by Perutz. Some observations on orientation phenomena in a synthetic 
pol3q)eptide solution are described. 


It has been shown in earlier communications from this laboratory that 
synthetic polypeptides can be obtained in folded as well as in extended 
forms ; evidence for this is found from infra-red spectra obtained with 
polarized radiation 1* ® and from X-ray fibre diagrams.* 'J'he solvent 

used in the preparations of films or fibres plays an important part in 
deciding which form is obtained.® 

The problem of the physical structure of proteins, both in solution and 
in the solid form, can be greatly simplified by studying poly^^eptides 
with inert side chains, so that the properties of the pol)pcptide chain 
itself are not masked by the presence of ionogenic groups, as in proteins. 
A further simplification is m^e by using a polypeptide which is soluble 
in relatively inert solvents. The first part of this paper deals with ob¬ 
servations, optical and spectroscopic, using such a material. In the 
second section, we describe observations with single crystals of haemo¬ 
globin, using polarized infra-red radiation. The interpretation of these 
observations is assisted by some of the experiments described in the first 
section. 


Experimental and Results 

Infra-red Spectrum of Poly-y-benzyl-JL-glutamate.—-Obsoi vations made 
on oriented films of some S3nnilhclic polypeptides with polarized infra-rod radi¬ 
ation have shown that they are in a folded configuration. These eifccts are 
especially marked in a poly-o/-bcnzyl-L-glulamate 



of chain length of about 300 units which has been prepared in this laboratory.® 
It is readily soluble in a.r. chloroform but dissolves very slowly in chloroform 
from ■which alcohol has been removed. 

Oriented films of this polymer show infra-red dichroism of the N—H stretch¬ 
ing frequency at 3305 cm.-i in which the optical density wHh the electric vector 
of the plane polarized radiation parallel to the chain axes is as much as 14 ■times 

1 Ambrose and Hanby, Nature, 1949, 163, 483. 

* Elliott and Ambrose, ibid., 1950, 165, 921. 

® Ambrose and Elliott (submitted for publication), 

® Bamford, Hanby and Happey, Nature, 1949, 164, 138. 

* Idem, ibid., 1949, 164, 731. 

® Hanby, Waley and Wateon, J, Chem. Soc. (in press). 
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as great as that when the vector is perpendicular to the* chain axis. Obser¬ 
vations made with dilute solutions of the polymer in chloroform and in carbon 
tetrachloride show that there are no N—H groups in the polymer which cannot 
be satisfied by hydrogen bonding within the molecule.®* ® 

The polymer also shows infra-red dichroism in other parts of the spectrum. 
There is an absoiption band at approximately 4825 cm.-^ in the overtone region. 
A bund at approximately the same wave number in Nylon has been identified 
by Glatt and Kllis ^ as a combination band of the N—H deformation and stretch¬ 
ing modes. A number of thin oriented films of poly-y-benzyl-i.-glutamate 
were suporimpos<‘d to provide sufficient thickness for observations in the over¬ 
tone region. The band at 4825 cm.”^ was found to show strong perpendicular 
dichroism (strongest absorption with ii-vector perpendicular to the chain axis). 
This band is therefore of opposite character to the N—H stretching band at 
3505 cm.“i but of the same character as the N—deformation band at 1550 
cm.-i.® Observations of a-kcratin (porcupine quill) show that it gives the 
same kind of dichroism in the bands at 4840 cm. 3305 and 1550 cm.“^ as 
are observed in the poly-y-benzyl-L-glutamate. Fig. (i) shows the 4840 cm. 
band in a-keratin. The perpendicular dichroism is, however, much less than 
can be obtained in the synthetic polymer. 



In silk (a j 3 or extended form of polypeptide chain) the dichroism of the bands 
at 1535 cm.-^ 3301 cm.-^ and 4810 cm.-^ are all of opposite character to those 
observed in the folded polypeptide and in a-keratin. The combination band 
at 4840 cm.“i docs therefore provide a means of distinguishing between a and p 
forms in oriented specimens which are too thick for observation in the funda¬ 
mental region of the spectrum. In addition, unlike the fundamental N —K 
and CsaaO stretching modes, this frequency does not coincide with that of a 
liquid water absorption band. It therefore provides a method of investigating 
protein crystals which contain a high precentage of water and are of considerable 
thickness. 

Orientation Phenomena in a Synthetic Polypeptide Solution.—^The 
synthetic poly-y-benzyl-L-gluiamate appears from the infra-red data to be 
completely in the folded form.®* ® It shows certain unusual properties in solu¬ 
tion which ajjpear to be characteristic of the a-foldcd polypeptide chains. 

If a film is cast from a homogeneous chloroform (a.r.) solution, the film is 
translucent, not clear, and appears bright when examined between crossed nicols, 
unlike most polymer films, which at normal incidence appear black under the 
same conditions. If the ffim is examined with high power in the polarizing 
microscope, local orientation is shown by the pattern produced (Fig. 2 {j)). 
Small regions of the film behave like a film or fibre of oriented material, but the 
direction of orientation varies from place to place in the film. In general, this 
variation is not random, as shown by the curious pattern produced (the irre- 
gul^ty in the centre shows the efiect of a foreign body, in all probability). 
This orientation arises spontaneously. 

It is evident that the polymer becomes oriented either before or during the 
drying process, and photographs of a drying solution show both these effects. 
These photographs were obtained by putting a drop of the polymer solution 
between two microscope slides slightly separated by thin glass rods. This 

’ Glatt and Ellis, /. Chem, Physics, 1948, 16, 551. 
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gcneous, but at a suitable concentration (very roughly about 15 % by weigh!) 
spherulites begin to appear in great numbeis. These glow to a considerable 
size (compare witli scale) and eventually coalesce. The inaleuiii al this stage 
shows strong flow birefringence, and the currents caused by evaporation ol I he 
solvent produce large areas of almost unifoim oiientation. Fuilher diyrng 
produces a solid phase, wdiosc boundary is nunked AA in Idg. 2 ( 0 ). This 
boundary is extremely sharj^, and is doubtless the same as llu‘ “ midiile boundary'* 
which Hartley® has described 111 the penetration of ceJlulosc acetate by chloro¬ 
form and other swelling agents and solvents and winch is the subject of further 
work by Robinson.® The solid film shows a large number of lines approximately 
normal to the drying edge. 

The above observations suggested a Iccliniquc for making Him* highly oriented 
films for polarized infra-red spectroscopy, and for X-ray diffraction w'ork. A 
drop of solution (concentration about 25 % by weight) is jilacecl on a glass jilate 
and stroked out by a razor blade. The blade has previously bi (‘ii honed slightly 
for a length of about 2 cm. in the middle, so that it rests on the tuids, leaving a 
suitable gap between glass and blade through which tht* solution is extruded. 
This method gives the highest infra-red dichroism we have observed in polymers ; 
the X-ray photographs are also extremely gooil. More important, perhaps, 
than the orientation is the high crystallinity ; the amount ol amoi*j)lious iiuitcnal 
appears to be very low. 

The orientation is, in fact, capable of imjirovoinent, as is shown by Fig. 
2(c), 2(d) and 2(e) of an oriented, fairly thick film jircpaicd as desciibed above. 
The direction of chain orientation is that of the edge of the film. Jbg. j(d) gives 
the position of the film with respect to the nicols for the best black field ; 2(c) and 
2(e) show the effect of small rotation of the film Irom this jiosition. Although 
the movement of the film makes it difficult to identify struct me, 2(() and 2(6') 
are actually complementary, what is dark in one picture being light in the 
other. It appears that there is a considerable “ spread " around the direction 
of orientation; it is possible that this spread is caused by shrinkage on drying. 
With very thin films, the effect is not so marked. 

The effects produced by drying a solution in dioxan are similar to those 
described above. In this case, however, striations somewhat similar to those 
shown in Fig. 2(c)-2(c) have been observed in the gel; it is not known whether 
these are only to be seen when dioxan is used, and ii may be connected with 
the slower rate of drying from dioxan. 

As we have shown elsewhere,® poly-y-benzyl-L-glutamate film cast from 
chloroform is almost completely in the folded a-polypoptide form. It is not 
certain that the orienting properties of the polymer are specifically due to the 
side chains, for both poly-L-glutamic acid and i)oly-y-methyl-L-glutamate 
give similar high orientation when cast from wi-cresol (they arc not soluble in 
inert solvents). We consider that the properties of the folded polypeptide 
chain itself are responsible for the easy orientation, and this ajipeais the more 
probable when one considers how many highly oriented (at least as far as the 
crystallites are concerned) protein structures occur in nature, b'or example, 
with wool keratin it has been shown that orientation of the keratin molecules 
occurs in a gentle constriction of the cell wall at the roots of the hair. The 
actual rate of flow is extremely small and the effects arc in sonic ways analogous 
to those observed in the poly-y-benzyl-L-glutamatc. The formation of disulphide 
linkages occurs at a later stage. 

From models, it is easily seen that the polypeptide chain, folded in the way 
suggested by Ambrose and Hanby,^ is nearly rigid in the plane of the paper, 
but is more fleadble when bent out of the plane. The side chains do not interfere 
with this bending, as far as individual molecules are concerned. It is possible 
that the ease of orientation is connected with the limited flexibility and with 
the absence of infer^moleculax hydrogen bonds. 

It may also be pointed out that, though most polymers show orientation effects 
on drying out from solution, these effects axe generally far smaller than those 
we have described above, and are usually caused by shrinkage during drying. 
We believe that the orientation of poly-y-benzyl-L-glutamate is not produced in 
this way, but arises from a process akin to crystallization in the solution. 

® Hartley, Trans. Faraday Soc., 1949, 45, 820. 

• Robinson (in course of publication). 

Mercer, /. Textile Inst., 1949, 40, 1640. 





Fig. 2. 

(a), (6)—Solution of poly-y-benzyl-L-glutamate in chloroform, photographed 
between crossed nicols, showing spherulites. 

{c)-{f )—Solid film of poly-y-benzyl-L-glutamate, between crossed nicols. 

[To face page 248 
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Orientation of the N--II Group in Crystals of Horse Methaemo- 
globlin.—H<>is<' mothntmoglobin can be crystallized from salt-tree solution in 
nionochnic plates, with a thickness ol a few i/to mm., and length and breadth 
about 1-2 mm. They toiitaiii, when lully swollen, about 52 % water.“ These 
laige crystals are much loo thick to allow observation of the fundamental N—II 
or (' -=0 bands, as absorption is very high. The band in the overtone region 
icferrc(l to above makes obseivdtion of an N—II mode possible, 

how(‘ver. 

'rile dithroism of horse inetlinemoglobin is of more than ordinary interest 
becaus(‘ oi tlu‘ v»'ry extensive X-ray investigation which l*erutz and his col¬ 
laborators have tarried out on this material.'^ Wc were fortunate in obtaining 
some large salt-free crystals through the kindness of Dr. Crick, who was able 
to glow very suitable cry.stals tor us. 

ICXPERIMKNTAL AND RESULTS.—It is ncccssary, in order to get the highest 
molecular order, that the crystals of haemoglobin should not be allowed to 
dry out and we therefore mounted the specimens in cells made from micro¬ 
scope cover glass, witli llie ciy'-slal surrounded by a layer of liquid paraf&n ; 
in one instanc<» the cell was filled with 
the mother litpior from w Inch 1 he crystals 
were grown, 'fhe cell was mounted on 
the rocking stage of a reflecting micro¬ 
scope set up in front of the spectrometer. 

The basic design lor the elements of this 
microscope (which are spherical) •was 
]Drovided by Mr. Braccy of the British 
Scientific Inslrunient iiesearch Associa¬ 
tion. A five-fold magnified image of 
the specimen was projected on the .slit 
of a lithium fluoride spectrometer, and a 
rocking mechanism moved the specimen 
so that the crystal was alternately in 
and out of the radiation beam. 

In order to reduce the possible harm¬ 
ful effects of radiation on the haemo¬ 
globin crystal, an infra-red filter (kindly 
provided by the Admiralty) was inter¬ 
posed to cut out the visible spectrum. 

The a and b crystallographic axes of 
horse mcthaemoglobin, which are 
mutually at right-angles, are in the 
piano of the plate-like crystal, and b is 
the direction of the diad axis.^® If the 
dichroism is measured with the ra<lia- 
tion incident normally on the face 
parallel to the a and 6 axes, then from 
symmetry considerations it follows that 
th(» E vector directions for maximum 
and minimum absorption dichroism in 
this juspect ot the cry.stal will therefore be obtained from such measurements. 
Fig. 3(a) shows <->ne set from a number of measurements made with different 
crystals. The rclalively weak N—II combination band is superposed on a rising 
background of absorption from water or from other modes within the protein 
molecule. In order to show the dichroism, the background absorption has been 
subtracted in Fig. 3(&). Although the interpolation of the background is to 
some extent arbitrary, it is quite impossible to do this in such a way as to remove 
the dicliroism, still less to clxange its character. 

Because the eflect is small, we have boon at some trouble, in the case of 
haemoglobin, to make quite sure that it is real. In addition to multiplicity 
of measurements we have, for instance, made observations of the dichroism 
first with the b axis parallel to the spectrometer slit, then with the crystal 
rotated in its own plane to bring the a axis parallel to the slit. Such a measure¬ 
ment would reveal any instrumental asymmetry; none was found. The 
dichroic ratio, for light incident normally on the face parallel to a and b, is 

Perutz, lyans. Faraday Soc., 194C, 42B, 187. 

A summarizing article by Perutz appears in Research, I949^ ^5^- 

Perutz, Nature, 1939, 143, 731. 
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probably between i*2 and 1*3, the a axis being the direction oi least 
absorption. 

The dichroic ratio is apparently unaltered if the crystal is rotated about the 
a axis from the position of normal incidence to one in which the radiation is 
incident on the plate face at about 60®. To do this the crystal was placed, in 
paralfin, between the h)^>otenuse faces of two small glass prisms, a technique 
wc have described elsewhere.^* 

These observations suggest thai, in any crystal aspect, the a a\is is the 
direction of least absorption, the direction for maximum absoiplion being any 
direction at rigid-angles to a. This was further examint'd by standing the radi¬ 
ation beam ius far as possible along the a Jixis and obseiving any dichroisni 
which might be present. In practice, one has to he content with the a axis 
inclined at about 30° to the radiation direction. In this position, 110 dichroism 
could be detected with certainty. This means that there was no indication 
that the direction of the dipole moment for the N—II combination band has 
any preferred direction other than perpendicular to the a axis. With such low 
dichroism as we have observed with the radiation normal to the ah face, a 
moderate amount of planar orientation might, however, escape detection. 

It was found that prolonged exposure to radiation, even when the cr^’stal 
was surrounded by liquid paraffin, reduced the water content, as revealed by 
the strength of the liquid water absorption band at 5113 cm.-*. This was 
accompanied by a reduction in dichroic ratio. In one instance, when the water 
content was reduced from 0*82 g. per gram protein (wet crystal) to 0-42 g. per 
gram protein (as measured by the absorption), the clicliroic ratio was 1*14. 
Haemoglobin crystals freshly immersed in paraffin were found to have the 
same dichroic ratio as a crystal which was immersed in mother liquor. 


Discussion 

Perutz's X-ray investigation has led him to suggest that haemo¬ 
globin contains folded polypeptide chains whowse directions arc parallel 
to the a axis. Because the total length of the molecule is much greater 
than the a dimension of the unit cell, the chains must again bo folded 
(secondary folding) many times. The details of these secondary folds 
are not known, nor is the nature of the primary fold understood. The 
dimensions of certain important vectors in the Patterson projection of 
haemoglobin are, however, very suggestive of X-ray spacings found in 
fibrous proteins, for instance a keratin, and Perutz has suggested that 
the primary haemoglobin fold could perhaps be the same as that of 
a keratin. 

Our observations are quite compatible with Porutz's suggestions, 
since we have found the dichroism of haemoglobin to be of the same 
character as that of a keratin with the fibre axis in the direction of the 
a axis of haemoglobin. Quite apart from the ([uestiou whether the primary 
fold is the same in haemoglobin and a keratin, it may bo concludi'cl lhat 
the peptide N—H groups in haemoglobin have a ])rcforrcd direction 
along the a axis. 

The dichroism observed in haemoglobin, which is very low, is of the 
same order as that in a keratin. The cause of the low dichroism may, 
however, be very different in the two cases. For instance, there must 
be a large fraction of unoriented material in the keratin of porcui>ine 
q.uill, for an X-ray photograph shows a strong amorphous ring, in addi¬ 
tion to the well-oriented arcs characteristic of the a keratin. The effect 
of this unoriented material will be to lower the measured dichroic ratio. 
In the haemoglobin crystal we have a water content of 52 %. It is possible 
that there are water molecules in the neighbourhood of the C =0 .. . H— 
hydrogen bond ; if so they may be expected to exert an influence on the 
dipole moment of the N—modes and the low observed dichroism may 
be partly due to this effect. In addition, secondary folding must lower 
the dicl^oism by reason of the change in direction of the polypeptide 


“ Ambrose, Elliott and Temple, Fyqc, Roy, Soc. A, 1949, 199, 183. 
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chains. Tho infra-rod evidonce is not inconsislont with an arrangoinent 
in which the chains are tilled with respect to the diad axis. Such a struc¬ 
ture does nol, ho\v(‘ver, seem to be consistent with results (>htain(*d from 
the Patterson projection. It is not ])ossible to say more than that the 
N—If bonds are directed more alon/» than across the a axis; the o.xact 
dir(‘clion <'annol be del(*rmiiied irom cnir observations. 

Courtaithh JJd., Rcsearch Laboratory, 

Lower Cookhaw Road, 

Maidenhead, 

Berkshire, 


INFRA-RED AND X-RAY STUDIES OF CHITIN 


By S. E. Darmon and K. M. Rudall 
Received jth July, 1950 

The absorption spectra of chitin, chitosan, chitin nitrate and wood cellulose 
have been recorded in the region 3600 cm.-^ to 750 cm.~^, using polarized 
radiation. A preliminary interj^retation of the spectra, in conjunction with 
the X-ray data, has increased our knowledge of the detailed structure of chitin. 
The principal fcatiue is hydrogen bonding between CO. NH groups of adjacent 
amiuo-acetyl side-chains,’ to form linked piles of chitin chains within the 
crystalline regions. But consistent with the particular symmetry, this type of 
linkage seems to occur between only some of the amino-acetyl groups (presum¬ 
ably half of them). The remaining acetyl groups arc bonded ditferently and 
the evidence points to a linkage of the type CO ... HO. As a result of the 
progressive dcacetylation which occurs during chitosan formation, the principal 
inter-chain bonding is of the type OH . . . OH, as in cellulose. The results 
of these invcsl igations form a basis for an understanding of the role of JV- 
acetylliexosamines in the inter-chain bonding of polysaccharides. 


A most important outcome of X-ray* diffraction studies of natural 
high polymers has been the determination of the repeating unit along 
the length of the chain-molecule. The interpretation of other axial 
spacings, particularly those referring to inter-chain separations, is com¬ 
paratively little advanced. The properties in these directions are, never¬ 
theless, of first importance in determining the physical and chemical 
behaviour of the material in the aggregate. The present work, which 
combines infra-red and X-ray studies of some common polysaccharides 
of biological interest, throws considerable light on the nature of inter¬ 
chain bonding. 

By the use of polarized infra-red radiation we have observed the general 
directions of certain intramolecular bonds. An exact determination of 
bond directions by this technique is only possible with perfectly crystalline 
material, and with imperfectly oriented natural polymers it is only possible 
to assess tlie relative orientation of specific bonds with reference to the 
axis of the specimen. Nevertheless it is of the greatest interest to know* 
simply whether a particular bond or group is more nearly parallel or 
perpendicular to the molecular chains, and this can be found from a 
purely qualitative study of the polarized infra-red spectra. Such quali¬ 
tative information, especially when combined with X-ray diffraction data, 
has proved during the present investigations to be of considerable value 
in a more complete determination of the structure of various poly¬ 
saccharides. 

The polysaccharide chitin has engaged our main attention. Chitin 
is widely distributed in invertebrates, chiefly as protective cuticles, and 
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is best known as a major constituent of the exoskclcton or cuticle of 
Arthropods. In plants it replaces cellulose as the cell-wall material 
in some fungi and it is present, with cellulose, in the walls of certain algal 
cells. Chitin, which is polyacetylglucosamine, is ideal as a starting 
point for the investigation of the role of amino-sugars in polysaccharide 
structure. iST-acctyl hexosamines are prominent constituents of many 
important polysaccharides such as hyaluronic acid, chondroitin and muco- 
itin sulphates, specific pncumonococcus polysaccharides, blood group A 
substance and ovomucoid. In our present studies the active group with 
which we are specially concerned is the quasi-peptide linkage, —NT I . CO —, 
arising from the JV-acetylation of glucosamine, but in common with 
polysaccharides generally, chitin also contains hydroxyl groups. Thus 
in the interchain linkages of chitin we can investigate group interactions 
of a kind that might he expected to occur between polysaccharides and 
proteins. 

The space-group derived from X-ray analysis of chitin implies two 
different types of inter-chain bonding. It is thus of particular interest to 
seek a verification of this from the infra-red spectra and to follow changes 
in the two types of bonding during the formation of derivatives. Further¬ 
more, certain derivatives of chitin show well-defined changes in molec¬ 
ular chain-separations, which arc such as to allow or exclude particular 
types of bonding. 

In the present article we shall give an account of our preliminary 
infra-red studies of chitin, chitosan and chitin nitrate in relation to 
existing X-ray data. Although the.se investigations arc but a starting 
point in the detailed structural analysis of polysaccharides, they have 
revealed more clearly than was known hitherto the si)atial arrangement 
in chitin itself and have thrown some light on the formation of chitosan 
and of chitin nitrate. 


Experimental 

Preparation of Specimens.—^Tho soft cuticles of insect larvae such as 
puss moth, privet hawk moth and blowfly larvae have, when purified, provided 
us with conveniently thin membranes for infra-red absorption studies. A 
considerable degree of molecular orientation can be obtained if fresh c\iliclos 
are stretched and held stretched during purification. They were puiified in 
5 % KOH solution at 100® C for two days and thorouglxly washed tor i to 2 
days.^ Sheets of lobster tendon were also used and purified in a similar manner. 

Chitosan sheets were made from the above types of specimen, while chitin 
nitrates were prepared from purified chitin obtained from the puparia of Sarco- 
phaga falculata, 

Chemical Considerations.—(a) Cuitin. —^'Chere is wide agreement that 
chitin is a poly-condensation product of N-acetyl glucosamine.* Naturally- 
occurring chitin can be considerably purified by treatment in dilute caustic 
potash at 100® C. The main test of purity is the nitrogen content, which should 
be 6*89 %, but this theoretical value is rarely obtained. With insect cuticles 
the type of purification we have used results in nitrogen contents corresponding 
to about 93 % pure chitin. Purified lobster tendon chitin has shown a nearer 
approach to the theoretical nitrogen content. 

(6) Chitosan. —^Various methods have been used by difierent workers to 
produce chitosan:— 

fi) Heating in fused caustic potash at 170® to 180® C. for 30 min.® 

\%) Heating at 160® C for 30 min. in potash solution saturated at room 
temperatore (histological test).^ 

(3) Heating in 50 % caustic soda solution for 35 to 40 hr. at 100® C.®, 

T^ere is disagreement as to the extent of the deacetylation that occurs. 
Earlier studies were brought to a head by L6wy*s detailed work.* Using the 

1 Fraenkel and RudaJl, Proc. Roy. Soc. B, 1940, 129, i. 

® Meyer and Wehrli, Helv. chim. Acta, 1937, 353 * 

® LOwy, Biochem. Z., 1910, 23, 47. 

* Campbell, Ann. Ent. Soc, Amer., 1929, 22, 401. 
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fused potash treatment (1), he obtained a 70 % yield of chitosan bulphale and 
from analysis of this crystalline product concluded that his chitosan consisted 
of monoacetyldiglucosaraine. By contrast the more recent study by Meyer 
and Wehrli ® using method (3) indicated that chitosan was polyglucosamine 
as judged by the nitrogen value and the very low acetyl content. Clark and 
Smith® claimed that methods (i) and (3) gave chitosans of the same X-ray 
structure and the same chemical analysis. While giving no quantitative data 
on the acetyl present they state that the nitrogen content of their chitosans 
suggests only one nitiogen atom per clutobiose residue. Meyer and Wehrli’s 
result, indiCiiting that chitosan is polyglucosamine, seems at fust sight to be the 
most reasonable ; but X-ray studies are in favour of two difEerent kinds of 
acetyl groups, suggesting a reasonable basis lor the structure of chitosan as 
found by L5wy. In support of L6wy it must be stated that his work was most 
detailed and repeated on many preparations. 

In our experiments we desired to follow the process of chitosan formation 
(see also rel. (5)). The method we found convenient was to treat samples of 
chitin in a solution of caustic soda (68 g. NaOH/ioo ml. water) at 100° C for 
times which ranged from 30 min. to over 60 hr. All preparations were sub¬ 
sequently very thoroughly washed in water. Using this procedure we obtained 
substantial changes in the X-ray and intra-red spectra after 2 to 3 hr, treatment. 

(c) CiiiTiN Nitrate. —The maximum nitration observed by Shorigan and 
Halt ® con-esponds to about 1*5 nitrate groups per acctylglycosamine residue, 
compared with 2 groups for completion. We have studied only the nitrate 
fraction which is insoluble in formic acid. Purified blowfly puparia were dis¬ 
solved in fuming nitric acid for periods of 45 min. and 90 min. and were filtered 
though glass wool. The solution was precipitated in water and thoroughly 
washed. The precipitate was extracted in changes of formic acid for two days 
and dried giving a very brittle material. Conveniently thin films were made 
by pressing re-wetted precipitate between plates of silver chloride and drying. 
Several such ]preparations were examined. Nitration is so important a procedure 
in the analysis of oriented polysaccharides by infra-red means that we suggest 
the usefulness of attempting complete nitration in the solid state using nitrogen 
pentoxide.’ 

(d) Cellulose. —Sections of wood cellulose as used here were chosen be¬ 
cause of the desirability of having uniform sheets of oriented material of con¬ 
siderable dimensions. The purification procedure was designed to remove 
practically all the lignin, and to reduce the a^lan and polyuronide fractions. 
At the same time it was necessary to maintain the oriented structure intact. 
The infra-red spectra show the absence of carbonyl and carboxyl groups. 

Infra-red and X-ray,—^A Beckman I.R. 2 spectrophotometer was used, 
with a rocksalt prism for the region 2000 to 700 cm.-^ and a lithium fluoride 
prism, for greater dispersion, above 2000 cm.-^. The energy traces were re¬ 
corded on a Brown Electronik Recorder. The pre-collimator optics of the 
spectrometer had been modified so as to include a focus of small area, at which 
specimens could be mounted. With this arrangement, an area of specimen 
2-0 X 0*3 cm. was the maximum required, and this could be conveniently ob¬ 
tained from our materials. 

The polarizer, which is of the transmission type, is constructed of silver 
chloride plates, 0*025 cm. thick. Six such plates are mounted in a Perspex 
frame, at an angle of approximately 26® to the incident beam, thus permitting 
maximum reflection of the unwanted component. The degree of polarization 
obtained, as measured by crossing two such identical polarizers, is better than 
95 %. The position of the specimen was kept constant during the experiment, 
only the polarizer being rotated. The specimens used were mainly coherent 
films, for which the correction for scattered radiation was negligible. 

Wide-angle diffraction patterns were obtained using CuKa radiation. The 
specimens were dried at room humidity and were in the form of variously 
oriented films or as naturally oriented fibres. 

Results 

Infra-red.—The absorption spectra of chitin, chitosan, chitin nitrate 
and wood cellulose are plotted in Fig. i for the regions 3600 cm.-^ to 2600 
cm.-i and 1750 cm.-^ to 750 cm.-^. No perceptible absorption maxima occur 

® Gark and Smith, /. Physic. Chem., 1936, 40, 863. 

® Shorigan and Hait, Ber., 1934, 67,1712. 

’ Caesar and Goldfrank, /. Amer. Chem. Soc., 1946, 68^ 372. 
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between 2600 cm.-^ and 1750 cm.-^ with the thickness of specimens used. In 
Fig. 2 the spectrum of chitin is compared in the regions sboo cm,-^ to 2600 cm.~i 
and 1750 cm.”^ to 1550 cni.“^ with the spectra of speciniens which have been 
treated with NaOH for 2, 3 and 17 hr. under the conditions sj^ecified in the section 
on chemical considerations for cliitosan formation. Tlic chitin, chilosan and 
cellulose spectra are plotted wdth the electric vector vibrating respectively 
parallel and perpendicular to the chain-axes. The degrees of orientation and 
the thicknesses of the chitin and chitosan specimens iire comparable but not 
identical, and we have facilitated comparison by plotting optical chmsity instead 
of percentage absorption. Unpolarized radiation was used for the nitrated 
specimens, as these are difficult to orient. 

X-rays.— (a) Chitin. —^Thc structure derived for cliitin by Meyer and 
Pankow ® gives a lattice of space group with a 9*3, b 10-4 and c 19*2 A. 

We are able to add that there is confirmation of the space group P2i22iin 
preference to P2221. Blowfly larval cuticles and puparia show a well-defined 



Fig. I.—^Absorption spectra of {a) chitin, (6) chitosan, (e) chitin nitrate and 

(/i) wood C(fllulosc. 

- Electric vector parallel to axis of orientation. 

-Electric vector perpendicular to axis of orientation. 


double orientation with {ool} planes lying nearly parallel to the surface. The 
best resolved and oriented of those diffraction patterns show absence of the 
100 reflection. Of special interest to our present work is the distance of 4-65 A 
between chitin chains along the a axis, a figure wliich is closely similar to the 
separation of ) 3 -protein chains in the direction of the backbone linkage. 

In stretched cuticles the molecular chains are well oriented paralld. to the 
direction of stretching. The chains are very highly oriented in lobster tendons. 
Stretched insect cuticles were used in obtaining the spectra of Fig. 2(&) and (c), 
while lobster tendons gave the spectra of Fig. i(a) and (6) and Fig. iz{a) and (d). 
The degree of main-chain orientation is aTOut the same in chitosan as in the 
chitin horn which it is prepared. 

{b) Chitosan. —The available X-ray data for chitosan indicate an ortho¬ 
rhombic lattice probably showing the same symmetry as that of chitin. The 
principal differences are the a and c axis periods of 8*9 A and 17*0 A respectively; 
that is, the separation of chams along the c axis should be 8*5 A, wliich is only a 
little greater than the 8*35 A found in cellulose. If the structure corresponds 

»Meyer and Pankow, Helv, chim, Acta^ 1935, 589* 
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to poly glucosamine the density should be X’37, which is rather a low figure as 
polysaccharides bonded by hydroxyls usually have densities of 1*5 to i*6 or 
more, 

(c) Chitin Nitrate.— a. principal reason for studying chitin nitrate follo^ied 
from Clark and Smith's ob crvation that the chain separation was about 11-5 A. 



Fig. 2.—^Progressive chitosan formation, (<z) chitin, (6) 2 hr. treatment with 
NaOH, (c) 3-hr. treatment and (d) 17-hr. treatment. 

-Electric vector parallel to axis of orientation. 

- - - - Electric vector perpendicular to axis of orientation. 

This gave the possibility of full bonding of CO . . . HN groups according to 
Fig- 3 - 

The types of diffraction patterns of the nitrate which we have obtained agree 
in general with those of Clark and Smith.® We find the c axis reflection is nearer 



Fig. 3. 

to II ‘7 A. Most characteristic is the high secondary orientation in thin films, 
i.e. both the c axis and the fibre axis lie in the plane of the film. The c a xi s 
reflection is also very sharp and intense and shows a wdl-defined second order 
at 5*80 A. The periodicity in the a direction, which is oriented approximately 
perpendicular to the film surface, is subject to much variation. This depends 
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chiefly on the degree of extraction of the crude nitrate in formic acid. Well- 
defined reflections do occur in the insoluble fraction after prolonged extraction 
and measured periodicities arc 4*6 A and 4*g6 A. Very little success ^\as ob¬ 
tained when attempting to make fibres of chitin nitrate. 

{d) Cellulose. —The purified wood sections gave the pattern of native 
cellulose. The degree of orientation of the main-chains corresiioniled to a 
spiral m^ng an angle of about 10° with the long axis of the specimen. 


Discussion 

Infra-red.— {a) Chitin. A number of bands in the Region 3()Oo cm.-^ 
to 1300 cm.-i of the spectrum of chitin may be immediately assigned 
to certain molecular groups which are presumed on chemical evidence to 
exist in chitin. The most prominent of these arc the bands at 3265 cm.-^ 
3100 cm.-^, 1656 cm.-^ and 1560 cm.“^, which arc frequencies character¬ 
istic of the CO . NH linkage occurring in amides, polyamides and fibrous 
proteins®* The values of these frequencies show that the CO . NH 
groups participate in inter-group hydrogen bonding, of the type CO 
. . . HN, and further that the strengths of these hydrogen bonds in chitin 
are comparable with those in polyamides and proteins. The extinction 
coefficients of all these bands are higher when the beam is ]>lanc-polarizcd 
so that the electric vector vibrates perpendicular to the fibre axis of the 
specimen. Not only do the NH stretching bands (3265 cm.”^, 3100 cm.“^) 
and the CO stretching band (1656 cm.”^) exhibit “ perpendicular di- 
chroism * but so does the NH deformation band at 1560 cm.-^. This 
band has been shown to arise from the deformation of the NH bond 
in the plane of the CO . NH group, and it is thus apparent that the plane 
of the CO . NH group, as well as the CO and NH bonds themselves, is 
roughly perpendicular to the chain axis. 

A number of strong bands occur in the region 1250 cm.-i to 950 cm.-^ 
These frequencies and their high intensities suggest that the bands 
originate mainly in C—O (single bond) linkages, such as the C—O—C 
and O—OH groups in sugar rings, and the glucosidic linkage, C—O—C. 
A closely similar set of intense bands occurs in wood cellulose (Fig. T(d)) 
and, in fact, this general pattern of absorption is present in all the spectra 
of Fig. I. Without a detailed analysis it is not possible to determine 
the resultant direction of dipole moment change in particular vibrational 
modes of the glucose ring, but one would predict C—OH stretching fre¬ 
quencies with perpendicular dichroism, and a C—O—C (glusosidic bridge) 
frequency with high parallel dichroism in this region. Fig. i(a) shows 
that although most of the absorption in this region has parallel dichroism 
there are two maxima (1060 cm.”*i and 1014 cm.-^) with definite porpon- 
dicular dichroism. 

The foregoing infra-red evidence has shown the existence in chitin 
of parallel chains with structural units similar to those in cellulose, but 
of especial importance is the observation that lateral hydrogen bridges, 
comparable in strength with those of fibrous proteins, are established 
between the CHgCO . NH groups of neighbouring chitin chains. 

A feature of great structural interest is the intense doublet absorption 
with maxima at 3485 cm.-^ and 3445 cm.-^i. The two bands together 
show strong parallel dichroism but they overlap to such an extent that it 
is difficult to disentangle their separate dichroisms. The 3485 cm.“^ 
frequency is unlikely to be an NH vibration, since the NH strctclmg 
frequency of simple amides has not been found to occur higher than 

* Astbury, Dalgliesh, Daxmon and Sutherland, Nature, 1948, i&Z, 596. 

1® Daemon and Sutherland, ibid., 1949, 164, 440. 

* We have used the term “ parallel dicbxoism to describe greater absorption 
when the electric vector vibrates parallel to the axis of orientation than when 
it vibrates in a perpendicular direction. “ Perpendicular dichroism ” is the 
converse of this. 

Elliott, Ambrose and Temple, J, Chem. Physics, 1948, 16, 877. 
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about 3445 cm.-i, which is the ‘‘ unbonded " position of the vibration. 
It must therefore be an OH vibration, since OH vibrations occur as high 
as 3640 cm.”S the unbonded position for alcohols.^* The 3445 cm. 
band may be either an OH or an NH vibration, although its coincidence 
with the known unbonded position of NH (amide) vibrations suggests 
that it is a free NH vibration. The 3485 cm.-^ frequency suggests that 
the OH group is probably weakly hydrogen-bonded, occurring as it docs 
well below 3600 cm.-^, but the OH . . . OH bond so formed is not 
comparable in strength with those in liquid alcohols and cellulose, where 
the absorption band has a much lower frequency and greater width. 

The spectrum of chitin nitrate in Fig. i has no maxima at 3485 cm."^ 
or 3445 cm.-i but some of our specimens, which are presumably less com¬ 
pletely nitrated, do show slight residual peaks at these frequencies. One 
interpretation is that both these bauds represent OH vibrations which 
are lost on substitution but structural changes resulting from nitration 
could cause the loss of any free NH (amide) groups which exist in chitin 
itself. The assignment of the 3485 cm.-^ band to a weakly bonded OH 
vibration is consistent with the spectrum of chitosan and the series of 
spectra depicting the intermediate stages of chitosan formation (Fig. 2). 
Among other changes, the 3485 cm.“^ peak weakens and fually disappears ; 
concurrently, there is a marked increase of absorption between 3300 cm.”^ 
and 3000 cm.~i, corresponding closely to the bonded OH absorption of 
cellulose. 

The remaining band of structural interest we shall discuss is the 1625 
cm.-i band of chitin which is, however, absent in chitosan and chitin 
nitrate. This band is most reasonably interpreted as being a second 
carbonyl frequency arising, like the 1656 cm.-^ band, from the acetyl 
groups, but whereas the 1656 cm.~i CO frequency corresponds closely 
to those found in amides, polyamides and proteins, the 1625 cm.~^ band 
is significantly lower. The only other cases in which we have found so 
low a peptide carbonyl frequency are the acylated amino-acids, 

R . CO . NH . CHR. COOH 

(R is CH3 or H). For example, acetyl and formyl leucines show their 
CONH carbonyl fr^uencies within the range 1628 cm.-i to 1605 cm.-^, 
and in acetyl glycine this frequency is as low as 1588 cm.“^. It is sig¬ 
nificant to the interpetation of this low CO frequency that the acylated 
amino-acids and chitin have a common structural feature, namely hydroxyl 
groups which are potentially capable of forming hydrogen bonds to the 
carbonyl oxygen of the CO . NH group. It is possible, therefore, that the 
low CO frequency of chitin may arise from a NH . CO . . . HO system. 

The carbonyl band in chitosan and chitin nitrate is at the usual 
position, near 1650 cm.~^. Fully nitrated chitin has no hydroxyl groups 
for participation in CO . . , HO bonding and the nitrate spectrum of 
Fig. I is consistent with the formation solely of CO . . . HN bonds. 
Fig. 2 shows a progressive decrease in intensity of the 1625 cm.-^ band 
as chitosan formation proceeds, but the 1656 cm.”^ band vanishes less 
quickly and some absorption remains here when the 1625 cm.-^ band is 
imperceptible. This spectral evidence suggests that it is those acetyl 
groups which are bonded to hydroxyl groups, that are most easily removed. 
Prolonged treatment with NaOH weakens the 1656 cm.”^ band also, so 
that deacetylation is not apparently arrested when only half the acetyl 
groups have been removed. 

On purely spectroscopic grounds, the postulate of CO . , . HO 
bridges is at present a tentative one, necessitated by an unusual carbonyl 
frequency and proposed on the evidence of a similar frequency in other 
hydroxyhe peptide structures. However, the presence of such a bond 
satisfies very well the X-ray data, a^s regards both the symmetry of the 
chains and the inter-chain separations. 

Errera and Mollet, Nature, 1936, 136» 882. 
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Assuming that CO . . . HO bridges do exist in chitin, it follows tliat 
there are an equivalent number of non-h3’’drogen bonded Nil groups. 
This would readily account for the band at 34*15 cra.“^ which was tenta¬ 
tively interpreted as a free amide NH vibration. However, it is not easy 
to find an absorption maximum which could be attributed to the OH 
stretching vibration of the CO ... HO system. If the absorjition is 
a broad band of low intensity, as is the OH absorption of cellulose, it 
may be obscured b}’" the more intense NT I bands in this region, especially 
as there is only one contributing OH group per biose unit. Furthennoro, 
thicker specimens of chitin show weak absorptiou between 2750 cm. 
and 2600 cm.-i, which docs not appear to be present in the nitrate spec¬ 
trum. Whether this is OH absorption or overtone absorption must remain 
undecided at present. 

(b) Chitosan. —^The high frequency spectrum of chitosan shows very 
broad OH absorption, which resembles that of cellulose. It is thus 
apparent that strong hydrogen bridges between hydroxyl groups are the 
principal inter-chain linkages. During chitosan formation (Fig. 2), tliero 
is progressive weakening of the 1625 cm.“^ carbonyl band and of the 
amide NH frequencies at 3265 cm.~^ and 3100 cm.-^ due to increasing 
deacetylation. A new peak appears progressively at 3365 cm.-i, and 
this together with the 3445 cm.-^ absorption in chitosan may well con¬ 
stitute the stretching vibrations of the NH^ groups which would result 
from deacctylation. 

(c) Chitin Nitrate. —^The absence of free NH vibrations points to 
the existence of complete hydrogen bonding between all the CO . NH 
groups of chitin nitrate. Intense bands originating in the nitrate groups 
occur at 1284 cm.-i and 845 cm.-i. These absorptions confirm spectro¬ 
scopically that nitration has actually occurred and they may subsequently 
prove useful in assessing the degree of nitration. 

Correlation of X-ray and Infra-red Results. — (a) Chitin. —^The infra¬ 
red spectrum of chitin shows hydrogen bonding between the amino-acetyl 
side-chains, and we can use this information in trying to fix the positions 
of neighbouring main-chains in the lattice. If we view the chitobiose 
residue in projection along the length of the chitin chain we obtain the 
units of Fig. 3. The dotted side-chain —NH. CO , CH3 indicates that 
it is in a lower plane, i.e. attached to the next sugar ring below. The 
arrangement of chains in Fig. 3 gives maximum bonding of C =:0 . . . 
HN— groups. 

In an orthorhombic structure this would give a period in the side- 
chain direction of about iij A and between the planes of sugar rings a 
period of 9 to 9 J A. This cannot be the lattice of typical arthropod chitin 
where the density is much higher and the c axis period is 2 x 9-6 A. 
In Fig. 5 we show a structure with the appropriate symmetry® and 
allow for the presence of CO . . . HN bonds between amino-acetyl 
groups. In this, however, the period along the c axis is again too large, 
being approximately 23 A. The group of chains a in Fig. 5 arc related 
by two-fold screw axes and can therefore have CO . . . HN bonding 
between trans-type side-chains, while the group of chains b are related 
by two-fold rotation axes and thus cannot have fy^ans-type bonding. 
Bonding between chains of this latter symmetry is possible if they adopt 
the cw-configuration as in Fig. 4. 

This arrangement would not, however, reduce the c axis period to 
19-2 A. It thus seems impossible to reconcile CO . . . HN bonding of 
both, the A and b chains with the lattice dimensions, and as evidence 
points towards the existence of a pile of bonded chains, as at a, we are 
obliged to maintain this structural feature and move the piles towards 
one another along the 4? axis until the period is reduced to 19*2 A. This 
results in the arrangement of Fig. 6. 

Between the chains a there would be full bonding of CO . . . HN 
groups. Attached to side-chains of the type b there would be non- 
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hydrogen-bonded NH groups, and this agrees with the infra-red sixjctra 
which give evidence for free —NH groups at 3445 cm.-^. 

The behaviour of the carbonyl groups in side-chains b must now be 
considered. The probable apposition of chitin chains in a layer such 
as c, Fig. 6, is given diagrammatically in Fig. 7, the relative position 
of the two chains being adjusted to allow the bulky CH,, groups to occupy 
positions of minimum density. This is achieved by displacing chain II 
downward by one-sixth of the h axis period, a displacement which, as 
was pointed out by Meyer and Pankow, would give intensity to the 031 
reflection. This degree of displacement is also near to that which would 
bring the linked piles of side-chains a', a" on to (031) planes. The 
difference of bonding, and hence of configuration, between the side- 
chains A and B would explain the small departure from perfect halving 
of the h axis period. 




Fig. 5. 



Fig. 6. 


From Fig. 7 there are two main possibilities of bonding involving 
the carbonyl groups of chains b, viz. a cross-linking between carbonyl II 
and hydroxyl I or an intramolecular linking of carbonyl II and hydroxyl II. 
There is also the possibility of OH . . . OH bonding between hydroxyls 
I and II, but if C =0 . . . HO bonding occurs, the hydroxyl bonding is 
eliminated. Thus with regard to the apposition and the distance between 
chains I and II, bonds of the Cs =0 . . . HO type are justifiable. Further¬ 
more, the infra-red evidence shows the absence of OH . . . OH and 
requires just such a bond as CO , . . HO. 

The orientation of free OH and NH vibrations parallel to the main- 
chain axis, and the orientation of the C =0 vibration of C =0 . . . HO 
at right-angles to this axis need not be discussed at present. There 
seems no obvious reason why these orientations should not be obtained 
while keeping to the main features of Fig, 7. 
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(6) Chitosan. —Infra-red studies of the earlier stages of chitosan 
formation show a rapid loss of absorption corresponding to the proposed 
C =0 . . . HO bond, while the carbonyl absorption of the C =0 . . . HN 
linkage remains relatively intact. Parallel with the loss of C =0 . . . HO 
there is increase of OH . . . OH bonding. This seems to correspond 
very well to removal of the acetyl groups II from Fig. 7, allowing nearer 
approach of chains I and II kind formation of OH . . . OTl bonds be¬ 
tween hydroxyls I and II. 

Lowy*s contention that there is a structure corresponding to mono- 
acetyldiglucosamine has support from the infra-red data, which demon¬ 
strate two kinds of C =0 groups, one of which is more readily removed. 
And from the symmetry of the chains in the chitin lattice, as deduced 
from X-ray stupes, there is also evidence for two differently arranged 
types of acetyl groups. The considerably advanced chitosan preparation 

(17 hr. in 40 % NaOH solution at too® C) 



does, however, show great reduction of 
the normal CO . . . HN linkages, which 
is probably due to extensive deacetyla¬ 
tion of the more stably linked acetyl 
groups. We can regard this as evidence 
that the structure is proceeding towards 
polyglucosamine. 

(c) Chitin Nitrate. —^The consider¬ 
able separation of the chains in the 
c axis direction is apparently due to 
incorporation of nitrate groups. In 
the infra-red spectra absorption due to 
weakly bonded OH has been lost as 
well as absorption corresponding to 
C =0 . . . HO. These changes would 
follow naturally from the substitution 
of hydroxyl groups. But because of 
the increased chain separation we have 
the possibility of full bonding between 
all the amino-acetyl side-chains. The 
evidence that this does occur rests upon 


Fig. 7. the absence of absorption due to free 

NH groups. We are not as yet able to 
establish that there is relative intensification of the NH bands at 3265 cm.”^ 
and 3100 cm.-i, and the C =0 band at 1656 cm."i. 


We are indebted to Prof. W. T, Astbury for his interest and criticism. 
One of us (S. E. D.) is indebted to Imperial Chemical Industries Ltd. 
for a Fellowship during the tenure of which this work was carried out. 


Note added in Proof .'—In a private communication from Prof. Richards we 
have learned of other infra-red studies of chitin and chitosan.^* For chitin 
Richards observed bands at 1660 and 1630 cm.“*^ which must correspond to tho 
two c^bonyl frequencies we have observed at 1656 and 1625 cm.-^^. We regard 
his chitosan spectrum in the 6 jx region as approximating more closely to poly- 
glucosamine man our most advanced chitosan spectrum (Fig. 2d). The strong 
absorption at 1600 cm.~^ we would interpret as an NH deformation frequency 
resulting from free NHj groups, and the very weak absorption at 1700 cm."^ 
as arising from residual non-b(mded carbonyl groups. 

Department of Biomolecular Structure, 

The Universiiy, 

Leeds. 

«^ Richards, The InUgument of Arthropods (University of Minnesota 
Press, Minneapolis) (in press). 
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Infra-red spectra in the crystalline state from 1500 to 700 cm.-i are pre¬ 
sented for the even numbered parafl&ns from «-octane to ^i-tetradecane, and also 
for «-nonane. Detailed consideration is given to the assignment of the collected 
infra-red and Raman spectra of the planar trans isomer of w-butane, and partial 
interpretations are attempted of the less complete experimental data available 
for the planar zig-zag isomers of the other even-numbered paraffins to w-tetra- 
decane. The skeletal stretching modes are shown to occur between 1150 and 
880 cm.-^ for the paraffins with more than six carbon atoms, and five series of 
such frequencies which run through the spectra of the difierent hydrocarbons 
have been picked out and identified. Scries of CHj wagging and twisting modes 
occur between 1350 and 1150 cm.-^ ; CH, rocking modes, which originate near 
700 cm.-i in the infra-red spectra of the smaller molecules, give rise to series 
of absorptions spreading to 1000 cm.-^ in the spectra of the larger molecules. 
The in-plane methyl wagging modes are found near 1060 cm.-^. The present 
position with respect to the theoretical estimation of the skeletal frequencies 
IS discussed. Such calculations are found to be of considerable help in the 
partial analysis of the spectra, but inadequate for the accurate calculation of 
all the skeletal frequencies. The infra-red and Raman spectra of polythene 
are discussed. 

The interpretation of the vibrational spectra of the ^i-paraffins would 
seem to provide a profitable field of investigation for the experimentalist 
in search of a series of related molecules, since in principle the carbon 
skeleton of a molecule of the type CH,(CH8)„-.2 CHj approximates to a 
regular zig-zag chain of equal masses capable of a straightforward theo¬ 
retical treatment. The «-paraflSLns are available in a pure state and their 
vibrational spectra have been studied extensively, but contrary to ex¬ 
pectation these spectra have proved to be exceptionally difficult to analyze. 

The conventional formulae of these molecules suggest that the dominant 
form should be the planar zig-zag configuration, but the work of Kohlrausch 
and Kappl ^ on the Raman spectra of the liquids has indicated clearly 
that this is not so. They conduded from the experimental evidence that 
more than one rotational isomer of each molecule was present. Systematic 
accounts of the formulation of the configurations ot all possible isomers 
have been given by Pitzer,* and by Simanouti and Mizushhna.® In the 
gaseous and liquid states the planar zig-zag form of the ^^-paraffins is the 
most stable; the stability of the other isomers, which are formed by 
one or more rotations about different carbon-carbon bonds away from the 
planar configuration, decreases with the number of rotations. Since each 
isomer has its own set of vibrational frequencies, and as the number of 
possible isomers increases with the chain length, the complexity of the 
spectra of the long chain molecules makes their analysis impossible. It 
is therefore necessary to seek methods which will overcome this diffi¬ 
culty, and the most direct appears to be an investigation of the spectra 
of the ^-paraffins in the solid state. 

X-ray data by Muller * show that these hydrocarbons assume the jJanar 
zig-zag form in the crystalline lattice. This method of spectroscopic 
analysis therefore eliminates aU the other possible configurations. Sudi 

1 Kohlrausch and KOppl, Z. physih, Chem, B, 1934, a6, 209, 

* Pitzer, 7. Chefn, Physics, 1940, 8, 711. 

* Simanouti and Mizu&hima, Sci, Papers Inst, Phys, Ckejn, Res, Tokyo, 1943, 
40, 467. 

^MfiUer, Proc, Roy, Soc, A, 1928, lao, 437. 
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a procedure has expcrimenta] difficulties, but once they arc surmounted 
the resulting spectra are drastically simplified and their interpretation 
becomes reasonably possible. Data on the Raman spectra of the solids 
have been previously published by Rank, Sheppard and Szasz,®*® and by 
Mizushima and Simanouti.’ Between them these papers cover the mole¬ 
cules «-butane to ;i-dcoane, and also w-dodecane and »-hcxadecano. 
Axford and Rank®*® have investigated the corresponding infra-red spectra 
from «-butanc to w-hcptan(\ The purpose of this paper is to pres<'iit 
further infra-red work on the solid state spectra of tlie «-pnra ihns inchiding 
the series of molecules containing an even number of carbon atoms from 
w-octane to ^z-tctradecane (Fig. i). Using the combined infra-red and 



Fig. t. —^Tbo infra-red spectra between 1500 and 700 cm.of some w-paraffins 
in the crystalline state. 

Raman data, an attcmi)t will also be made to analyze the spectra of these 
molecules in the region 1350 to 700 cm."-=^ where reasonably complete 
results are available. The solid state spectrum of «-nonanc is also presented 
in Fig. I. Although detailed interpretations of the spectra of the edd- 
numbered hydrocarbons will not be attempted here, the experimental 
data are of use for identifying series of skeletal frequencies. 

Experimental 

The experimental and spectroscopic techniques used in obtaining the spectra 
in the liquid and sdid states were mainly as described in an earlier papor.^® 

* Rank, Sheppard and Szasz, Ch$m, Physics, 1949, 17, 83. 

® Sheppard and Szasz, ibid., 1949, 17, 86, 

^ ]Mizushima and Simanouti, J. Avner. Chetn. Soc., 1949, 71, 1320. 

® Axford and Rank, J. Cham. Physicst 1949, 17, 430. 

•Axford and Rank, ibid., 1950 18, 51. 

1® Brown and Sheppard, this Discussion. 
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The cells used for containing the liquids were, however, of rocksalt rather than 
silver chloride. The solids were cooled to 20 or 30® C below their freezing 
points before taking their spectra. A constant thickness of 0*2 mm. of material 
was used throughout. Crj-stallization occurred in every case at the freezing 
point and no glasses were formed. The scattering of radiation by the substancc.s 
m the solid state was particularly bad for these materials because ot the thickness 
of the samples. Accordingly intensities measured in the spectra of the solid 
materials are aiiproximate only. 

Data related to the source and purity of the hydrocarbons studied are listed 
beloAv : 

«-Octane : Anglo-Iranian Oil Co. Ltd.; gg-oS mole % purity. 

^-Nonane : Anglo-Iranian Oil Co. Ltd.; 99-8 mole % purity. 

M-Decane : Pennsylvania State College ; b.p. 174-15° C. 
w-Dodccane : Eisner ; 1-4219 (literature, 1-42188). 

w-Tetradecane : Anglo-Iranian; >99-9 mole-% purity. 

The principal absorption frequencies are listed below : 

W-OCTANE. 

Liquid. 722 (s), ca. 751 (s), ca. 765 (s), ca. 794 (m), ca. 844 (m), ca. 878 (s), 
889 (m), ca, 896, 915 (m), ca. 967 (m), ca. 1005, ca. 1036, ca. 107S, 1136 fm), 
1200 (m), 1225 (m), 1270 (m), 1301 (s), 1341 [s),ca. 1353 (s), 1378 (s), ca. 1465 (s). 

Solid. 722 (s), 748 (s), 864 (s), 881 (s), 1008 (m), 1020 (m), C058 (w), 1088 (s), 
1205 (w), 1218 (m), 1286 (w), 1303 (w), 1378 (m), ca. 1465 (s). 

w-Nonane. 

Liquid. 721 (s), ca. 752 (s), ca. 776 (m), ca. 830 (m), ca. 844 (m), ca. 874 (m), 
889 (s), ca. 927 (m), ca. 968 (m), ca. 986 (m), ca. 1043 (m), 1063 (m), ca. 1086 (m), 
ca. 1137 (“a). 1189 (m), 1217 (m), 1258 (m), 1303 (s), 1341 (s), 1355 (s). 

1378 (s), ca. 1470 (s). 

Solid. 721 (s), 736 (s), 826 (s), 88g (s), 962 (mb 1012 (m), 1029 (m), 1049 (w), 
1063 (m), 1094 (m), 1138 (m), 1178 (m), 1215 (m), 1243 (w), 1298 (w), 1376 (s), 
ca. 1465 (s). 

Ji-DECANE. 

Liquid. 731 (s), ca, 769 (s), ca. 815 (m), ca. 846 (m), ca. 893 (ra), ca. 921 (m), 
ca. 971 (m), ca. 995 (m), ca. 1008 (m), ca. 1026 (m), ca. 1076 (m), ca. 1091 (m), 
1135 (ni)» 1210 (na)» 1247 (m), ca. 1278 (m), 1303 (s), 1342 (s), 

ca. 1355 (s), 1378 (s), ca. 1465 (s). 

Solid. 720 (s), 730 (s), 795 (m), 890 (s), 912 (m), 980 ? (w), 1032 (ni), 
1037 (m), T062 (w), 1103 (s), 1195 (w), 1208 (m), 1283 (w), 1303 (w), 1378 (s), 
ca. 1465 (s). 

w-Dodecane. 

Liquid, •jai (s), ca, 770 (m), ca, 806 (m), ca. 847 (m), ca. 887 (s), ca. 960 (m). 
ca. 1015 (m), 1075 (m), 1098 (m), 1135 (m), ca. 1179 (m), ca. 1197 (m), ca, 
1232 (m), ca. 1262 (m), 1303 (s), 1342 (s), 1355 (s), 1377 (s). ca. 1465 (s). 

Solid. 722 (s), 760 (s), 839 (s), 887 (s), 945 (m), 993 (m), loio (m), 1038 (w). 

1052 (m), 1062 (w), ITT2 (s), 1191 (w), 1201 (m). ca. 1248 (w), 1262 (m), ca. 

1288 (w), 1303 (w), 1378 (m), ca. 1465 (s). 

w-T etradecane. 

Liquid. 721 (s), ca. 803 (m), ca. 841 (m), ca. 888 (m), ca. 934 (m), ca. 961 (m), 
ca. 980 (m), ca. 1075 (m), ca. 1102 (m), 1133(111), ca. 1170 (m), ca. 1250 (m), 
ca. 1272 (m). ca. 1304 (s), 1341 (s), 1355 (s), 1378 (s), ca. 1465 (s). 

Solid. ^22 (s), 742 (s), 795 (s), 881 (m), 891 (s), 970 (m), ca. 978 (m), 1012 (m), 

1031 (m), 1040 (w), 1060 (m), 1114 (m), 1187 (w), 1197 (m), ca. 1236 (w), 1248 (m), 

ca. 1286 (w), J305 (w), 1376 (m), ca. 1465 (s). 


Interpretation of the Spectra 

Introduction.—^Although the trans zig-zag forms of the «-parajB&ns 
are simple in structure, yet the analysis of their spectra presents certain 
difhcultics. For convenience of interpretation, the vibrations of these 
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molecules may be divided into two types, those involving mainly the 
hydrogen atoms, and those concerned with the movements of the nuclear 
framework when the CH3, CHa groups may be considered as mass uniis. 
The assignments of certain of the frequencies of the first class are well 
established, viz. the CH stretching frequencies in the region 3000 to 2800 
cm.-^, the internal hydrogen deformation frequ(‘ncies of the methyl group 
near 1450 and 1380 cm.and the symmetrical defonnation frequency 
of the CHa group near 1450 cm.“i. In the region 1350 to 700 cm.-» much 
overlapping occurs since the stretching vibrations of the carboii skeleton, 
the remainmg deformation frequencies of the CHj groups and the four 
methyl wagging modes all occur in this range of frequencies. Some 
progress has already been made in the sorting out of these different type's 
of vibrations, but the picture is by no means complete. 

Some conclusions about the range of the skeletal vibiations of the 
^-paraffins have already been obtained from the Raman data on the solid 
state.**’ The lower limit of these vibrations seems to be defined un¬ 
equivocally by the pronounced polarized line near 890 cm. which is 
observed in the spectra of all of these molecules. It has been suggested ® 
that the upper limiting skeletal frequency must correspond to one or the 
other of the two series of Raman lines found near 1145 and 1060 cm.“i. 
Following Kohlrausch,^ most authors have assumed the loCocm.-i 
frequency to be the highest skeletal vibration and that at 1145 cm.-^ the 
in-plane CHj wagging mode. Recent work on the branched para¬ 
ffins 11* has shown, however, that skeletal modes may well occur at 
frequencies greater than 1100 cm.-^. Hence the assignment of these two 
frequencies must be re-examined. 

Each CHa group has wagging, rocking, and twisting frequencies. Em¬ 
pirical evidence derived from measurements with polarized radiation 
and from the spectrum of a completely deuterated M-paraffin,i* shows 
clearly that the 720 cm.-^ absorption band found in all the w-paraffins 
is associated with CHa rocking modes. The Raman line about 1300 cm.-^ 
which is always present, is also associated with the vibrations of the 
CHa groups, although whether it arises from twisting or wagging modes 
has been the subject of some discussion, i®* 

Less certain is the identification of the CH3 wagging modes. In 
ethane they appear at 1155 and 821 cm."i; in the branched paraffins 
some authors have suggested that they may be as high as 1250 cm.-“^» 
while others prefer to locate them at lower frequencies, <1100 cm.-'. 
Perhaps the most probable frequency range for these vibrations in the 
^-paraffins is roughly 1200 to 800 cm.-'. 

The deformation frequencies of the carbon skeleton, and the torsion 
frequencies of the framework and terminal methyl groups occur together 
at firequencies below 600 cm.-'. Few experimental data are available 
for the solid materials in this range, and the spectra will not Iw considort^d 
in detail. The collected empiric^ evidence is summarized in Table I. 

/nra^-n-Butane.—^This molecule, the first of the series of n-paralfms 
with multiple CHj groups, can exist in two different rotational configura¬ 
tions. The tvans isomer, the only form present in the solid state, is of 
symmetry and because of its centre of symmetry fairly strict selection 
rules operate. The distinct frequencies of lie gauche isomer (C,) may be 
picked out from the spectra of lie liquid or vapour, which show the lines 
of both isomers. 

" Pitzer and Kilpatrick, Chem, Rev,, 1946, 39, 435, 

'* Simpson and Sutherl^d, Proc, Roy, Sac, A, 1949, 199, 1O9. 

'® Sheppard, J, Chem. Physics, 1948, 16, 690. 

'•Vallance-Jones and Su&erl^d, Nature, 1947, 160, 567, 

“ Sheppard and Sutherland, Nature, 1947, 159, 739. 

Rasmussen, J, Chem, Physics, 1948, 10, 712. 

'’Harzberg, Infrared tmd Raman Spectra of Polyatomic Molecules (Van 
Nostrand, New York, 1945). pp. 342-346. 
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A number of authors have already proposed assignments 

for ^^-butane based on measurements of the spectra in the liquid or vapour 
state. Since the experimental data did not allow them to distinguish 
unambiguously the frequencies of either isomer, none of these is entirely 
correct. More recently Szasz, Sheppard and Rank *1 used Raman data 
observed over a range of temperature to make a new assignment for both 
configurations, and this was modified by Axford and Rank ®» ® with the 
help of the infra-red spectrum of the solid. The present discussion is based 
on this earlier work, but suggests some important changes. In this paper 
only the tram isomer -kvill be considered; Table I summarizes the ty^s of 

TABLE I.—^The Assignment of the Fundamental Vibrations of 
^ m«s-w-BuTANE Below 1500 cm.-^ 


^^(LR.) B^(R.dp) B^(LR) 


— — 

vi4=-(i46i) vs,j==(r455) -{ 1 ^ 61 ) 

— — V 3 a=i 3^2 

— »^»s==J 35 o 

Vi5==I299 V23=? - 

— — V 34“965 

vi8=95I *'24=95<5 V35 = 984 

*'17=732 va 5 «? — 

— — ^ 33 ==? 

— — 

*'I 9 =? *'2«=? — 

R.=Raman; I.R.—infra-red ; p—polaiized ; dp=depolarized. 

vibration, selection rules, and e^^cted frequency ranges together with the 
assignment now proposed for this form. The numbering of the frequencies 
is uniform with the previous work.*i There is little doubt that the fre¬ 
quencies higher than 1370 cm.-^ were adequately dealt with in the previous 
treatments. 

For the tram isomer within the region 1370-700 cm.-^ six infra-red 
active modes are expected, three being of the and three of the 
type. The former should give rise to contours in the gaseous state similar 
to those of a planar molecule with the change of electric moment along 
the greatest axis of inertia, i.e. a sharp and pronounced Q branch with 
coarse rotational fine structure on either side. The bands on the other 
hand would be expected to have rather indeterminate shapes. Six 
regions of absorption are observed in the solid state spectrum,® at 1350 (w), 
1299 (m), 984 (w), 965 (s), 951 (s) and 732 cm.-^ (s). Gates ®* has made 
high resolution studies in the gaseous state of all but the 984 cm.-i band. 
He also investigated bands which must be attributed to tlae gattche isomer, 
because of their absence in the solid state spectrum. 

The band at 732 cm.-^ is certainly the CH, rocking mode as suggested 
by Axford and Rank.® In the gaseous curves it shows the correct contour 

*^® Eliashevich and Stepanov, Compt. rend, U.R,S,S,, 1941, 33, 481. 

Stepanov, Acta Physicochim., 1947, 238. 

Kassel, /. Chem. Physics^ I 935 » 3 » 326. 

Szasz, Sheppard and Rank, ihid,, 1948, 704. 

** Gates, ihii., 1949, 17, 393. 


Descnption 


CHj bending 
CHg asymm. 
deformation 
CHa symm. 
deformation 
CH* wajggmg 
CHg twisting 
C—C 
stretching 
CHa wagging 
CHa rocking 
Skeletal 
deformation 
Skeletal 
torsion 
Methyl 
torsion 


(R. p) 

*'1 = 1455 

>’6 = ( 1455 ) 

v.-=i 370 

v,-’i 304 

ii 48 \ 
835/ 
*’10 = 1058 

i'u= 43 * 


Expected 
Frequency 
Range (cm."*i) 


Crt. 1450 

ca. 1450 

ca, 1380 
1200-1350 
1100-1350 

800-1200 

800-1200 

700-1050 

^<600 
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for an band and occurs in the expected frequency range. The gaseous 
absorption at 051 cni.“^ also has a strong Q branch and coarse structure 
on the low frequency side, although it is badly overlaid by th<^ cm.“^ 
band at higher frequencies. Accordingly it is assigm^d to thc‘ out-of-planc 

methyl wagging frequency. The (>65 cm. ^ absorption, which certainly 
does not have the same type of contour, must Ik' a band and is very 
probably the asymmetrical skeletal stretching mode wliicJi should be 
strong in the infra-red si)ectrum, 'Fhe weaJe 98^ (un. * absori^tion which 
is apparent in the solid state spectrum must then be tlui iu-])lane CU3 
wagging frequenc3^ althougJi it is just ])ossible that it might b<‘ an ovtTtoue 
or combination band. 

The contouis in the gaseous state arc not very helpful in deciding which 
of the bands at 1350 and 1299 cm.“i corresponds to the A^t CHa twisting 
mode, and which to the ClIs wagging mode. Both have fairly prom¬ 
inent Q branches and coarse fine structure, but in neither case is the Q 
branch as pronounced as would be expected for an A^ band. Since it is 
probable that this region contains absorption from similar vibrations of 
the gauche isomer, overlapping may explain the anomalous contours. 
In Table I the absorption at 1350 cm.-^ is attributed to the CHg wagging 
mode and that at 1299 cm.”^ to the twisting vibration, but this assignmtmt 
must be considered tentative until further experimental evidence becomes 
available. 

In the region 1370-700 cm.“^ seven fundamentals are allowed in the 
Raman spectrum; four of these should be polarized [Ag), and the re¬ 
maining three depolarized lines, (B^). The spectrum of solicl w-butanc *» ® 
shows lines at 1304, T148, 1058 and 835 cm.~>- all of which are polarized 
in the liquid and must therefore be ^ 4 ^ in type; a fifth depolarized line 
at 956 cm.-i found in the liquid may also, on account of its temperature 
variation,®^ be attributed to a Bg vibration of the trans isomer, Experi¬ 
mental difficulties have so far precluded measurements of polarization in 
the solid state. Of the Ag frequencies there is little doubt in the assign¬ 
ment of the 835 cm.~i line to the lowest skeletal stretching vibration, and 
the 1304 cm."i line falls in the region expected for the CHj waggmg mode. 
Thus the frequencies at 1058 and 1148 cm.-^ must correspond to the re¬ 
maining modes, the higher skeletal stretching and methyl in-planc wagging 
vibrations. Szasz, Sheppard and Rank attributed the 1148 cm.line 
to the Ag methyl wagging mode because the T134 cm.-^ bmid in the 
infra-red could be considered its counterpart. Tlio more recent work 
of Axford and Rank ® has shown that this latter band disapp(‘ars in tlie 
infra-red spectrum of the solid, so that this argument is invalidated. As 
has already been discussed, the methyl wagging inodo is now considen‘d 
to appear at 984 cm.-^; it would therefore seem mon‘ likely that the 
corresponding Ag vibration .should be at 1058 cm.-*, thus reversing the 
former assignment and putting the skeletal vibration at x 148 This 

reasoning is admittedly not conclusive, but if the assignment of «-butanc 
is considered in relation to those of the whole scries of ^^-paraffms, then as 
will be shown later, the evidence for this interpretation is very strong. 

The single observed Bg frequency in the spectrum of tram w-butano at 
956 cm."*- is almost certainly the out-of-plane methyl wagging mode, the 
A^ frequency of this type appearing at 951 cm.~* in the infra-red spectrum. 
The two rema i n in g Bg frequencies corresponding to the CHj twisting and 
rocking modes are missing. It is probable that the twisting mode lies 
near 1250 cm.-^, but it is difficult to predict the frequency of the rocking 
mode since these vibrations spread over a range of frequencies in the higher 
it-paraffins. Further experimental work is necessary for their exact 
identification. 

The spectroscopic data below 700 cm.“^ are less complete in that only 
the Rama n spectrum has been obtained in the solid statc,« As methyl 
torsion modes seem usually to be weak in both infra-red and Raman spectra, 
the single line at 432 cm.~' in the solid state Raman spectrum must bo 
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the Ag skeletal deformation mode, since it is polarized in the liquid. The 
infra-red spectrum in the gavseous stale between 700 and ^oocm.“i is 
available,®® and it has been studied between 400 and 170 cm.’ ^ by Gates.®® 
Two weak absorption bands were found at 44*^ and 215 cm."^. ITowev(% 
their definite assignment to the irmis isomer must also await further work 
in the solid state. 

The Planar Isomers of ii-Hexanc to ji-Tetradecanc.—It is not feasible 
at this stage to give an account of the complete assignments for each of 
the planar zig-zag isomers of the molecules ^?-hexanc to n-lctradccane. 
However, series of related frequencies in the spectra of the even-numbered 
parafiSins will be discussed in detail. The data on lh(‘ spectra of the odd- 
numbered molecules will be used only to confirm the assignments of some 
of the skeletal scries in the even-numbered molecules, but it is hoped to 
treat their spectra in more detail at a later date. 






Fig, 2.— {a) The Raman spectra of the planar isomers of the evcn-numberccl 
paraffins. (6) The infra-red spectra of the same molecules. 

-skeletal modes. -CH deformation modes. 


Fig. 2{a) and 2(b) are line diagrams showing separately the Raman and 
infra-red frequencies in the solid state for the even-numbered ^-paraffins. 
Fig. 3 is a similar line diagram for the molecules with odd numbers of 
carbon atoms. The series of lines which can be picked out and attributed 
to the different modes of vibration are indicated. The following discussion 
is a summary of the reasoning on which these assignments are based. From 
the detailed assignments of trans ^z-butane it may be expected that for 
molecules with an even number of carbon atoms the Raman lines of sym¬ 
metry Bg corresponding to methyl wagging, GHj rocking, and CHj twisting 
modes will be weak or unobservable. It is clear at the outset that the 
number of Raman lines observed is very much smaller than the number 
actually allowed. 

(i) The Region 1350-1500 cm.-i.—The deformation modes of the CH, 
and CH2 groups occur within this frequency range. The CHj symmetrical 
deformation vibrations give a single infra-red absoiption near 1380 cm."^ 

®® Amer. Petroleum Inst. Res. Project 44 ; Catalogue of Infra-red Spectra, 
No. 61, contributed by Shell Oil Co. Inc., Houston, Texas. 
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The CHs unsymmetrical internal deformation and the CHa bendmg modes 
occur in both the Raman and infra-red spectra at frequencies between 
1450 and 1470 cm.**^, the Raman lines being depolarized. 

(2) The Vibrations of the CHa Groups in the Region 700-1350 
cm-K (1) CHa Rocking Modes. —^The number of allowed frequencies 
of this type for the molecule C„H2„+2 with an even number of carbon atoms 
is {n — 2)/2 for modes of symmetry and {n — 2)/2 for symmetry 
These vibrations are expected to originate near 720 cm.-’ for mc)l(‘ciiles 
with only a few CHa groups, and to be j>rominent in the infra-red spectra. 
Without difficulty all the infra-red active bands may bo picked out as 
progressions starting near 720 cm.""^ which extend in a regular manner 
to high frequencies as the chain length increases (Fig. 2b). None of the 
Raman lines that are allowed to appear are observed. The normal co¬ 
ordinate calculations for the 7z-paraffins by Stepanov using a reasonably 
complete force field indicate the range as 700 to 1000 cm.”^ in good agree¬ 
ment with that actually found. 

(ii) The CHg Wagging and Twisting Modes.— For the even-numbered 
paraffins (n — 2)/2 CHa wagging modes of each of the symmetry types 



Fig. 3.—(a) The Raman spectra of the planar isomers of the odd-numbored 
paraffins, (b) The infra-red spectra of the same molecules. 

Ag and B* are expected ; the same number of A u and Bg twisting modes 
are also allowed in the infra-red and Raman spectra respectively. The 
assignment of w-butane suggests that the wagging mode occurs at higher 
frequencies than the twisting mode. This is also confirmed by the cal¬ 
culations of Stepanov.!* • 

In the infra-red spectra of those molecules grou])s of bonds may bo 
distinguished. One group always has a doublet structure and shifts down 
as the chain length increases approaching a limiting value at « = of ca. 
1190 cm,-!. This doublet has been assigned to the A^^ CH2 twisting 
vibrations. No Raman lines corresponding to the Bg CHj twisting modes 
are found. The other group of infra-red bands which has a more complex 
structure seems to settle down as the chain length increases to a pattern 
of two absorptions, one near 1300 cm.-! and the other near 1240 cm.-!. 
These have been assigned to the B* CHa wagging vibrations. The cor¬ 
responding Ag CHa wagging vibration shows as the single Raman line 
near 1300 cm.-!, and presumably most of the vibrations occur near this 
frequency. These lines are usually considerably depolarized in the spectra 
of the liquids,** but there is no doubt of the polarized nature of the first 
line of this series in the spectrum of w-butane. 

(3) The Region 850-1150 cm.-!.—most difficult part of the 
spectrum to analyze is the region 850-1150 cm.-! where the four methyl 
wagging frequencies and the {n — 1) skeletal stretching frequencies occur 
together. For a molecule having several CHj groups separating the 

** Herz, Kahovec and Wagner, Monatsh., 1945, 76,100. 
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tenninal methyls, it is plausible to suggest that the methyl waggiug modes 
will occur in two pairs, one corresponding to the in-plane and one to the 
out-of-plane vibrations. One member of each pair will always be allowed 
in the Raman spectrum and the other in the infra-red spectrum, so that 
accidental coincidences of these infra-red and Raman frequencies are 
probable even for the even-numbered parafl 5 ns. 

The clue to the assignment of the skeletal stretching modes was pro¬ 
vided by a consideration of the simplest possible theoretical treatment. 
As has "^en shown by a number of authors the skeletal vibrations of 
a zig-zag chain of n equal masses are approximately obtained by applying 
the Bom-Karmann periodicity condition, x = ntlln. Here I has integral 


Fig. 4.—^The distribution of skeletal 
frequencies for planar zig-zag paraffins, 
calculated with a stretching force constant 
of 4-0 X10® dynes/cm. and a zero deforma¬ 
tion force constant. 

-Raman active; 

----- Infra-red active; 

Infra-red and Raman active. 


ilfW ** 

values from i to (w — i). The frequencies v may then be calculated using 
the formula: 

where / is the stretching force constant, m the mass of the repeating unit 
(CHa group), and B the angle between the bonds, taken as the tetrahedral 
angle. 

The characteristic pattern produced ** is shown in Fig. 4. The (w — i) 
frequencies of the molecule CnHa«+2 split out from the single frequency of 
ethane to give a distribution roughly parabolic in shape. For even values 
of n the vibrations counting from the lower limit are alternately allowed 
m the Raman (polarized) and infra-red spectrum; for % odd all may 
appear in both spectra, the Raman lines being alternately polarized and 
depolarized. 

It might be thought that such a drastically simphfied model would 
not be very helpful in assigning the skeletal vibrations, and might even 
be misleading. That this is not so will be apparent from the following 
discussion. The lower limiting frequency (w in Fig. 4), which is allowed as a 

Bartholome and Teller, Z. Physik. Chem, B, 1932, 19, 366. 

** Stepanov, J. Phys, Chem, Russ,, 1940, 14, 474. 

Parodi, J. Physique Rad., 1941, 2, 58. 

Kellner, Trans, Faraday Soc., 1945, 4 *» 217. 

29 Kolilraubch, Ramanspektren, (Becker and Erler, JLeipzig, 1943), P- 206. 
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polarized line in the Raman spectra 0/ odd- and eveii-numbert'd paraffins, 
has already been identihed near 000 cm.-^ bv Siinanonti and Mizushima,^ 
and by Sheppard and Szasz.** The upper limiting frequency a was put 
near 1060 cm."^ in the first place by Kohlrausch ^ and since then by many 
other workers. This implies that one methyl wagging frequency must 
be put at about 1140 cm.^^ A.s has already been suggested in the dis¬ 
cussion on >2-butane, this assignment should be reversed. The s<‘lection 
rules are such that the highest skeletal mode is forbidden in the mfra-red 
spectrum of those molecules with an even number of carbon atoms, al¬ 
though it can appear as a Raman line Cor all molecules. On the other 
hand, as already indicated, there may be accidental mfra-red and Raman 
coincidences for the methyl ivagging mf>des even when the molecule lias 
a centre of symmetry. In all the ^i-paraffins Raman lines are observed 
near 1140 and 1060 cm."^* «• ^ but infra-red counterparts to the former are 
found only for those molecules with an odd number of carbon atoms in 
agreement with the belection rules for the highest skeletal frequency. 
Furthermore, as expected for the methyl modes, infra-red absorption is 
observed near 1060 cm.“^ for all the molecules that have so far been in¬ 
vestigated. This leaves little doubt about the assignment of tliese two 
sets of frequencies. The prominence of the frequencies near xobo cm.~i 
in the Raman spectrum, and the polarization of the »-butane line of this 
series,** suggest that they are the in-plane methyl wagging vibrations. 

Having thus established the frequencies of the limiting (a and co) 
skeletal stretching vibrations, the next task is to identify as far as possible 
the remaining skeletal modes. Guidance is once more provided by the 
simple theoretical treatment. The second series of skeletal modes p 
is always active in the infra-red for both odd- and even-numbered molecules. 
Starting from the band at 965 cm.~' in w-butiinc, it is easy to pick out a 
prominent infra-red band which shifts to higher frequencies as the chain 
length increases. The third series y is always Ramaji active. It originates 
at the 1007 cm.~* Raman line of fj-hexanc and may be recognized as far 
as «-dccane. The fourth 8 which is again always infra-red active starts 
from the infra-red band at 1020 cm.-^ in n-octane. No lines are found 
corresponding to the fifth or subsequent Raman active series except for cu 
as already discussed. Evidently as the chain length increases they have 
become too weak to be observed. 

The regular pattern found in the infra-red .s|>cctra in the range 1x50- 
1050 cm.“*^ for the even-numbered paraffins is not apparent between 
1050 and 850 cm.-i. In order to interpret this observation, the theoretical 
treatment was considered in more detail. One obvious fault in the pre¬ 
dictions of the simple theory is that the range of values expected ffir the 
stretching mode is too great (1150 to 820 as compared with X150 to 
890 cm.-i found by experiment). Clearly a discussion employing only a 
stretching force constant is too approximate, and at least a simple valency 
force field with both stretching and deformation force constants must be 
used. Such a treatment was given by Kirkwood ** and modified by 
Pitzer.®! Their equations are : 


.sti«tch.ng = -yj( + ) . 

• • ('^) 

deformation = — / ^ \ ^ 

■ ( 3 ) 


where a and b are functions of 6 and x which have been defined earlier, 
and of c which is the ratio of the deformation force constant, d to f. A 
similar treatment has also been given by Barriol and Qiapellc.®* The 


Kirkwood, /. Chem, Physics, 1939, 7 > 5^6. 
Pitzer, ibid., 1940, 8, 711. 

Barriol and Chapelle, /. Physique Pad,, 1947, 
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upper limit (x = tt), identical with that derived from eqn. (i), is indepen¬ 
dent of €. Since this is known to be 1140 it fixes the value of f as 

4*05 X 10* dyncs/cm. The curves of frequency against phase angle for this 
value of / and various values of e are shown in Fig. 5. All these curves 
are nearly coincident for ^7/2 < x < rr, and hence it is at once apparent 
why the simplest possible treatment (with e = o) was adequate for the 
identification of the skeletal series in the range 1050-1150 cm.”’^. As the 
lower limiting frequency is dependent upon e, the best value for this 
quantity is obtained, on this approximation, by substituting the known 
value of 890 cm.“^ in eqn. (2) and solving for « with x == o. The value 
so derived is 0*031, corresponding to 

d = 0*127 X10® dynes/cm. 

The curve of frequency against phase angle for this value of € is drawn 
in with a dashed line in Fig. 5, and if this more refined theory is adequate 
it should be possible to predict fairly accurately with the help of this curve 
the skeletal frequencies for the different hydrocarbons, and hence to 
analyze the experimental data between 1050 and 890 cm.""^. In order to 



test whether this is so, reference was first made to the infra-red experi¬ 
mental data on n-hexane and w-octane. For each of these molecules 
all the expected skeletal modes have been identified with one exception. 
The two rema i n in g infra-red absorptions in each spectrum in this region 
have to be assigned to this skeletal mode and to the Au out-of-plane 
wagging mode. For w-hexane the two absorption bands at too6 and 
884 cm.~i have to be compared vith the value of the expected skeletal 
frequency near 920 cm.-^; in n-octane the observed frequencies are at 
1008 and 881 cm.'i and the predicted value of the skeletal vibration is 
near 900 cm.-i. 

At first sight it would seem more likely that the lower observed fre¬ 
quency, which has counterparts in the spectra of the longer chain paraffins 
near 890 cm.-^, should be correlated with the calculated skeletal frequency. 
If this were correct, a series of infra-red absorptions near 1030 cm.*^ in the 
longer chain paraffins would continue the series of methyl wagging modes, 
and a reasonable assignment could be made for the remaining skeletal 
frequencies of the even-numbered paraffins with the help of the frequency- 
phase angle curve. However, the details of this assignment have not been 
elaborated here because of some doubt concerning the key attribution of 
the lower frequency in n-hexane and «-octane to the skeletal mode. Thus 
if the other methyl wagging mode does lie near 1030 cm.~^ it would be 
expected to show up near this position in the infra-red spectra of the odd- 
numbered paraffins, and this is not consistently the case. Furthermore, 
the acceptance of the low frequency absorption as the skeletal mode in 
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w-hexane and w-octane implies that in the longer chain paraflins several 
frequencies crowd very closely together at 890 cm.“i. and there appears 
to be little experimental evidence for this. Finally, the recently obtained 
solid state infra-red spectra of the ^2-propyl and w-butyl halides would 
seem to indicate the presence of a methyl wagging mode near 800 cm.“i. 
In view of these difficulties no further discussioii ol the skeletal vibrations 
will be made at present although it should be noted that about the right 
number of infra-red absorptions between 890 and 1150 cm.are to lx‘ 
found for future assignment to the skeletal modes. It is hoped to dis¬ 
tinguish between the two alternative possibilities with the help of further 
experimental and theoretical work, in the course of which the data on the 
odd-numbered paraffins will be given detailed consideration. 

Polythene.—Polythene is of interest in the present context because 
it represents an infinite paraffin chain with the (-^H*—CH,—) repeating 
unit. KeUner was the first to interpret the infra-red spectrum of 
polythene from this point of view and, as will be seen below, her conclusions 
are in essential agreement with those of the present work, Simanouti 
and Mizushima ' made a similar attempt to assign the infra-red spectrum, 
and also suggested values for the Raman active frequencies by analogy 
with the series of frequencies found in the Raman spectra of the long chain 
crystalline paraffins. As the foregoing analysis of the infra-red spectra 
of the long chain paraffins provides more evidence for the assignment of 
the frequencies of an infinitely long chain, and as frequencies attributable 
to the methyl groups in polythene have been included in previous assign¬ 
ments, it seemed desirable to present a more up-to-date picture. The 
present conclusions are presented in Table II in which the symmetry 
nomenclature used by Simanouti and Mzushima has been reproduced, 
and descriptions of the types of normal co-ordinate added. The previous 
assignment by the Japanese authors is also shown together with that of 
Kellner »» for the infra-red frequencies. 

There seems little doubt about the correctness of the infra-red assign¬ 
ments when account is taken of the experimental data of Fox and Martin, »• 
and Thompson and Torkington.®^ The latter authors also showed clearly 
that the 1375 cm.-i absorption attributed by Simanouti and Mizushima “ 
to the CHa wagging mode is in fact a methyl frequency. The assign¬ 
ments given in Table II for the infra-red frequencies arc also in agreement 
with the data of Elliott, Ambrose and Temple,®® and of Vallance Jones 
and Sutherland, who used polarized radiation. The Raman active CH* 
stretching modes and the CHj bending vibrations have been assigned in 
agreement with the earlier work of Simanouti and Mizushima, with the 
exception that the Raman frequencies found in the spectnim of «-hexa- 
decane at 2963 and 2878 emr^ are assumed to be methyl frequencies (Fox 
and Martin ** give values of ca, 2960 and 2870 cm.-^^ for the analogous 
modes of methyl groups in the infra-red). The assignment of the CH2 
wagging mode to 1295 cm,-i takes account of another of the Raman 
senes wffiich persists in the spectra of the long chain hydrocarbons, and is 
in line with our previous conclusions for such molecules. 

It has been shown in the discussion of the spectra of the even-numbered 
paraffins that the Ra m an line at 1135 cni."! is the upper limiting skeletal 
stretching frequency. Its symmetry properties in the spectra of the odd 
and even paraffins shows that it corresponds to the O—C stretching 

mode of polythene. The Raman line near 1060 cm.“i has been shown in 
the present work to be caused partially by a methyl wagging mode and 
partly by the third highest frequency skeletal stretching mode, and hence 

Kellner, Nature, 1949, 163, 877. 

** Simanouti, J, Chem. Physics, 1949, 17, 734. 

Simanouti and Mizushima, ibid,, 1949, 17,1102. 

« Fox and Martin, Proc. Roy, Soc, A, 1940, 175, 208 

Thompson sind Torkington, ibid., 1945, 184, 3. 

«® Hliott, Ambrose and Temple, /, Chein, Physics, 1948, 16, 877. 
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is not the Aig C—C stretching frequency. This latter vibration should, 
like the other allowed skeletal, correspond to a mode of motion of a finite 
chain in which there is a node at the centre of each C—C linkage. The 
1135 cm.-i frequency corresponds to such a vibration in which all the dis¬ 
placements of the neighbouring carbon atoms are in opposite directions, 
and parallel to the chain direction. The A^g vibration will be similar 
except that the displacements will be perpendicular to the chain length. 
In terms of a short cham this will corre.spond to one of the limiiing " de¬ 
formation modes of the skeleton, although for a very long chain this 
\'ibration will be controlled mainly by the C—C stretching force constant 
and will hence have a fairly high frequency, as shown by the calculations 
of Kellner and Simanouti and Mizushima.®® However, it cannot be 

TABLE II. —Partial Assignment of the Fundamental Frequencies 

OF Polythene 


Symmetry 

Description 

Selection 

Rules 

Kellner »3 

Simanouti 

and 

Mizushima^ 

This Work 

Axt 

C—C stretch 

R. 

_ 

1^35 

H 


CHa bend 



1471 



CHj stretch 


— 

/2846 

\2878 


Aig 

CHa twist 

R. 

— 

? 

IBI 


C—C stretch 

R. 

_ 

1058 



CHa wag 



1442 

1203 

Big 

CHa rock 

R. 


^^295 

? 


CHg stretch 


— 

/2934 

\2963 

2934 

Aiit 

CHj bend 

I.R. 

1460 

1475 

1462 

CHg stretch 

1 


2925 

2853 

3853 

Am 

CHa twist 


— 

— 

— 


CHa wag j 

I.R. 

1310 

1375 

1309 

^2U 

CHa rock 

IR, 

7*25 

728 

721 


CHj stretch 


2960 

2926 

2925 


R. = Raman active ; I.R.s=infra-red active* 


identified in the Raman spectra of the ^-paraffins so far observed, as the 
remaining two series near 890 cm.-^ and at lower frequencies arc un¬ 
doubtedly the other limiting stretching and deformation modes of the 
skeleton ^vith a single node at the centre of the chain. This has been 
clearly stated by Mizushima and Simanouti.’ 

Ck>nclusion —In coiiclusion it is appropriate to give some general 
comments on the theoretical treatments of the vibrations of tJie w-parafiins. 
From the earlier discussion it is clear that the calculations made using a 
simple valency force field, while they provide a very good guide to the 
interpretation of the observed spectra, are inadequate for exact numerical 
a^eement between calculated and observed stretching frequencies. 
Simanouti and Mizushima »• ’ have used a Urey-Bradley field, involving 
forces between next to nearest carbon atoms, to discuss the limiting skeletal 
and deformation frequencies with ^ = o. They have obtained excellent 
numerical agreement between calculated and observed frequencies by a 
suitable choice of force constants. Similarly they have given calculations 
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for an inftnitcly long chain (polythene). It may be that similar cal¬ 
culations for all the skeletal vibrations o£ the smaller molecules would 
give better agreement with experiment. 

Stepanov has used a much more complex force field : he has given 
sufficient information for the calculation in principle of both the skeletal 
and CH vibrations of any long cliain hydrocarbon, altliough these calcula¬ 
tions hav(‘ only been carried out as far as trans w-pentant\ His force 
constants are obtained from a detailed discussion of the paraffins from 
methane to butane and, as might be expected, are not identical with these 
employed by the Japanese authors. Whereas the calculations so far 
carried out are undoubtedly of considerable value, it is felt that it is un¬ 
likely that these extremely detailed and time-consuming calculations with 
a complex force field will add a proportionate amount to the understanding 
of the spectra of the higher members of the series. In the present paper 
very considerable success in the interpretation of the spectra of these 
related molecules has been achieved by the empirical correlation of scries 
of frequencies. It seems that this approach, used in conjunction with 
approximate calculations of the skeletal frequencies, will proven adequate 
to enable an iiiLerpretation to be made in due course of most of the ex¬ 
perimental data on the planar configurations of these molecules. Further 
work on the detection of weak Raman lines and on the infra-red spectra 
of higher odd-numbered paraffins would undoubtedly be a help in attaining 
this end. 
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SOME PROBLEMS IN THE INTERPRETATION 
OF THE INFRA-RED SPECTRA OF LARGE 
MOLECULES 


By G. B. B. M. Sutubkland 
Received yrd July, 1950 

The principles governing the infra-red method of investigating the structure 
of large molwules axe reviewed. It is emphasized that the method will continue 
to lack preciseness until the various factors affecting the constancy of character¬ 
istic group frequencies have been more fully investigated. Attention is drawn 
to the uncertainties in the detection of OH and NH bonds under certain condi¬ 
tions because of insufficient knowledge of the characteristic deformation fre¬ 
quencies of these groups. 


During the past ten years or so infra-red spectroscopy has changed 
from a branch of molecular ph^^sics dealing with the structural features 
of the smaller, and generally inorganic, molecules to a subject of con- 
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siderable interest to the organic chemist and the biochemist, and of growing 
interest to the biologist. The reason is, of course, that it is now possible 
because of advances in experimental and theoretical methods to deal 
mth large molecules including synthetic and natural polymers. However, 
these advances have been made at a sacrifice in the preciseness of the 
information which can be delivered by the spectroscopist to the inter¬ 
ested party. Whereas it is possible to give a complete analysis of the 
spectrum of the ammonia molecule, from which the bond lengths and 
angles can be deduced with an accuracy of i part in 1000 and the height 
of the potential barrier inhibiting inversion is known to within a few 
per cent, the most that can be stated at present about a large organic 
molecule or polymer is that it does or does not contain certain chemical 
groups, and even this statement has frequently to bo hedged about with 
quaMcations. Nevertheless, such information can be of vital importance 
especially if the qualifications can be made precise, as it is often possible 
to deal with these qualifications by using evidence from chemical or other 
sources. The purpose of this paper is to review briefly the infra-red 
methods now being used to identify groups or portions of the structure 
of large molecules, so that the causes of the lack of precision may be 
more clearly realized and if possible used eventually to yield still more 
information about the structure of such molecules. Since this is a very 
large theme, it will be necessary to restrict attention to a few selected 
problems, and in view of the scope of these discussions, examples will 
generally be taken from the biochemical and biological field. Certain 
current views of biological activity are based on the shapes of the active 
molecules; it is, therefore, particularly important that any method of 
determining molecular structure should be critically reviewed to see what 
contribution it can be expected to make towards the evaluation of such 
theories. 

The general principles which govern the correlation of the vibrational 
spectra of large molecules with their structural features can be stated 
quite simply: 

(1) Every distinct configuration of atoms to form a molecule will 
have a unique vibration spectrum which will depend on the masses of the 
constituent atoms and on the nature of the forces which maintain the 
atoms in that configuration and are brought into play when the atoms 
are displaced from their equilibrium positions. 

(2) The most important part of the vibration spectrum (viz. the funda¬ 
ment^ frequencies) is readily observable since it is generally associated 
with a change of the permanent electric moment and of the polarizability 
of the molecule, the former being the cause of infra-red absorption and 
the latter of Raman scattering. 

(3) Although each fundamental frequency involves motion to some 
extent of^ all the atoms in a molecule, many of the fundamental fre¬ 
quencies in a complex molecule have been shown to be separable and 
determined to a high degree of approximation by the vibration character¬ 
istics of isolated groups in the molecule. Such frequencies may be used 
to es'toblish the presence or absence of the corresponding groups in poly¬ 
atomic molecules by observations on their infra-red and Raman spectra. 

The preceding considerations apply ideally to molecules in the gaseous 
state at moderate pressures, where intermolecular forces are negligible 
compared with the intramolecular forces which control the vibrations. 
However, in practice the majority of observations on large molecules in 
the infra-red (and virtually all observations on such Raman spectra) 
^ve to be carried out with the molecules in the liquid or solid state or 
in a solvent. The efEects of intermolecular forces on the chaxactesistic 
vibrations of key ^oups cannot then be neglected. It is obvious that 
the changes occurring in the spectrum of any particular molecule as the 
conditions vary from gaseous, tlirough dilute solution, to the liquid and 
finally to the solid state must be thoroughly understood before reliable 
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statements can be made regarding the constancy of group frequencies 
from one type of molecule to another. 

The initial proposition in this discussion was that for each type of 
molecule free from interaction, there exists a set of frequencies which is 
unique. In the language of the quantum theory, each molecule can be 
described by a unique set of energy levels (including statistical weights 
arising from degeneracy and overlapping) and the transitions which occur 
between thc.se in the excitation of infra-red and Raman spectra enable us 
to establish the energy level scheme. This throws the whole emphasis 
on the determination of the magnitudes (i.e. absolute values) of the charac¬ 
teristic frequencies, and spectroscopic work on large molecules has in 
fact been almost exclusively concentrated on the positions of the infra¬ 
red bands characterizing chemical groups. In sniall polyatomic mole¬ 
cules with a few symmetry elements, the transitions allowed between 
energy levels are sharply conditioned by those symmetry properties and 
frequently the configuration can be established beyond question by such 
selection rules. Although the majority of polyatomic molecules have 
no symmetry elements and thus cannot be tacided in toto in this way, 
the vibrations of separable portions may still be analyzed as those of 
slightly perturbed simpler molecules. Thus the relative and absolute 
intensities of absorption bands are just as important as their positions, 
in correlating spectrum with structure in a complex polyatomic molecule. 
Moreover, the intensity of an absorption band, being dependent on the 
change of electric moment associated with a vibration, can give very 
valuable information on the charge distribution in a chemical group, and 
this property may also be used for diagnostic structural work. Finally, 
when the compound under investigation is in the crystalline state or at 
least has some degree of regular orientation of the individual molecules, 
the use of polarized infra-red radiation can frequently give information 
on the orientation of the characteristic groups with respect to the macro¬ 
scopic features of the specimen. Such information, especially when 
combined with results from X-ray diffraction spectra and a knowledge 
of allowable interatomic distances, should serve to fix a structure un¬ 
equivocally or at least to differentiate between certain proposed models. 
Although the X-ray method of determining the structure of a molecule 
in the crystalline state is in general superior to the infra-red method, the 
fact that only infra-red methods can decide whether the structure alters 
in going from the crystalline to the liquid or dissolved state is of vital 
importance to the organic chemist who seldom deals with reactions in 
the solid state. 

For good empirical and theoretical reasons which need not be repeated 
here, the fundamental frequencies of any polyatomic molecule may bo 
classified in the following manner : 

(a) Frequencies involving the motions of hydrogen atoms mainly 
along the bonds coimectmg them to other atoms. These will be referred 
to as hydrogenic stretching frequencies and are found to range between 
3800 cm.“i and 3100 cm.”^ in going from OH to SiH. 

(h) Ftequencies involving the motions of hydrogen atoms mainly 
perj^ndicular to the bonds connecting them to other atoms. These will 
be referred to as hydrogenic deformation frequencies and are found to range 
from 1650 cm.“i down to the order of 200 cm.-^ in going from OH in 
water to that motion of the OH in methyl alcohol 1 where the OH executes 
a restricted rotation about the CO axis. 

ip) Frequencies involving mamly the stretching and contraction of 
double and triple bonds between atoms in the first row of the periodic 
table. These be referred to as multiple bond frequencies and are found 
to range between about 2000 cm.-*^ (e.g. CsC and C«N) to about 
1600 cm.*"i (e.g. C==C and C =0 in certain environments). 

1 Koehler and Dennison, Phystc, Hev., 1940, 57, 1006. 
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(d) Frequencies which involve compaxable motions of more than two 
and sometimes of all of the non-hydrogenic atoms, the hydrogens being 
essentially carried with the atoms to which they are attached. These 
will be referred to as skeletal frequencies. It is frequently possible to divide 
this class into skeletal stretching frequencies involving mainly changes in 
bond lengths with very little distortion of band angles and skeletal de¬ 
formation frequencies for which the opposite is true, but this distinction 
is not always possible either empirically or theoretically. 

The frequencies in the first three classes have been separable because 
they are virtually independent of the rest of the molecule and are now 
extensively used for structural diagnosis. Occasionally it is possible to 
use those of the fourth class when vibrations of parts of the non-hydrogenic 
skeleton of the molecule interact very little with the motions of the rest 
of the molecule. 

The majority of these group frequencies have been established by 
empirical methods, i.e. running the spectra of a series of molecules having 
the particular group as an invariant. Although in a few cases theoretical 
justifications are being developed, there are many cases where unexplained 
anomalies occur. Sudh anomalies form one of the most important problems 
in this section of infra-red spectroscopy. Until their causes are clearly 
understood, structural information on large molecules obtained by infra¬ 
red methods will be open to question. Moreover, it is often in those 
molecules where the chemist and biochemist needs help most urgently 
(i.e. where a group occurs in an unfamiliar environment) that the spcctro- 
scopist is least sure of his ground. Limitation of space unfortunately 
prohibits the discussion of more than a few of these cases in this paper. 
An endeavour has been made to choose examples which are likely to recur 
in many structures and are of particular interest in biological applications. 
These will be dealt with following the classification given in the preceding 
paragraph. 

Hydrogenic Stretching Frequencies.—^This class contains the fewest 
deviations, the presence or absence of certain infra-red bands in sharply 
defined positions between 3800 cm.~^ and 2100 cm.“i being a reliable 
indication of the presence or absence of OH, NH, CH, SH, PH and SiH 
groups in a molecule. The most important anomaly here has long been 
recognized as a shift of the characteristic bond to longer wavelengths 
caused by hydrogen bonding. This makes it difficult to differentiate 
between OH and NH in certain cases when hydrogen bonding occurs. 
This difficulty would be resolved if the positions of the OH and NH de¬ 
formation frequencies were well established and recognizable under various 
conditions. Unfortunately this is not the case, as will be seen from the 
next section. Overlapping of some of the well-recognized OH and NH 
frequencies involved in hydrogen bonding is shown as follows : 

—O—^H . . . O— 3500-3200 cm.^i 

—O—^H . . . 0 =C— 3330-2830 cm.“"i 

—^N—H . , . 0 =C— 3320-3240 cm.-i 

——^H , . . N 3300-3150 cm.~i. 

Small shifts in SH frequencies attributed to the same cause have also 
been detected and although CH stretching frequencies have been assumed 
free from such effects, it may be added that an internal hydrogen bond 
between a CHa group and a C =0 group in certain cyclic ketones has 
recently also been observed,* although this particular shift has been 
detected on the first overtone of the CH fundamental frequency near 
5700 cm.“^ 

Because of the success of the hydrogen bond theory in explaining the 
displacement of hydrogenic frequencies in so many cases, there is a tendency 

* Gordy, /. Amer. Chem. Soc., 1940, 62, 497. 

* Prelog, /. Chem, Soc., 1950, 420, and unpublished work by author. 
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to attribute all such shifts to hydrogen bonding. It seems quite possible, 
however, that in the solid phase some of those shifts may be due to an 
interaction between hydrogenic frequencies in neighbouring molecules 
oriented in a particular way through the restrictions imposed by a par¬ 
ticular crystalline lattice. Such an effect was recently observed Cor CH 
deformation frequencies in w-paraffins and polythene (cf. succeeding 
section). It would also be expected in the stretching froquoncies, and 
still more recently evidence has come to hajxd * that this effect is present 
in the CH strctcliing frequencies of polythene. 

This effect may possibl}^ be of importance in tlie study of proteins 
and polypeptides where two NH stretching frequencies are found near 
3280 cm.”^ and 3060 cm.""^. Those were originally interpreted as due 
to two different types of hydrogen bond ® and while this may still turn out 
to be the case, it is quite possible that this particular splitting arises from 
a frequency interaction between identical NH bonds in certain crjTstallinc 
phases although the exact mechanism cannot be the same as in the hydro¬ 
carbons. In support of this hypothesis there is the observation that 
these two bands exhibit similar polarization properties,® but more im¬ 
portant is the fact that the lower frequency component is very much 
diminished in intensity in Mylon when tlie temperature is raised. 

It is also to be realized that shifts in hydrogenic stretching frequencies 
and modifications in their intensities can arise from variation in the 
intra-molecular field caused by changes in charge distribution on the bond. 
Such changes may arise from substitution of strongly electronegative or 
electropositive atoms or groups in various parts of the molecule or from 
changes in the bond type duo to charges in hybridization. Such effects 
were first noticed in the force constant of the CH bond in going from 
methane to acetylene ^ and have since been investigated in some detail 
in a variety of hydrogenic frequencies through calculations of the force 
constant.® Further work is required here, however, before changes in 
frequency can be unambiguously associated with changes in bond nature. 
There is some evidence that the changes in CH deformation frequencies 
shown to arise from this cause in ethylenic compounds are parallelled 
by corresponding changes in the CH stretching frequencies.® In general 
the changes so far attributed to effects of this kind in hydrogenic stretching 
frequencies are so much smaller than those produced by intcrmolecular 
forces that they are unlikely to cause mistakes in identifying a bond in 
a complex molecule. Such effects, however, arc likely to be important in 
giving more specific information about the exact nature of an identified bond. 

Hydrogenic Deformation Frequencies,—^Here the situation is not nearly 
so satisfactory and this is understandable. The forces controlling the 
deformation of hydrogen atoms are only about oiic-tcnth of those con¬ 
trolling the stretching motions, hence deformation vibrations arc much 
more sensitive to intra- and inter-molecular interactions. The deforma¬ 
tion motion has two degrees of freedom and the restoring forces for the 
resulting various types of deformation motion are found to vary by a 
factor of at least two and sometimes much more. This accounts for the 
much greater fractional variation in these frequencies. Thus CH stretch¬ 
ing frequencies only vary between 3300 cm.“i and 2800 cm.-^, whereas 
CH deformation frequencies vary from about 1500 cm.-i to ^o cm."*^. 
Moreover, the range of the spectrum covered by such deformation fre¬ 
quencies is exactly the same as that for the majority of skeletal frequencies 
by which they can therefore be obscured and from which they are some¬ 
times rather hard to differentiate. We shall confine our attention to 

^ Private communication from Dr. G. W. King, 

* Darmon and Sutherland, Natwre, 1949, 164, 440. 

® Ambrose, Elhott and Temple, ibid,, 1949, 163, 854. 

’ Sutherland and Dennison, Proc. Roy. Soc, A, 1935, 148, 250. 

® Linnett, Trans. Faraday Soc., 1945, 41, 223. 

• Unpublished work by D'Hont with the author. 
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certain difficulties in the assignment of CH, OH and NH def(5rmation 
frequencies. 

(a) CH Deformation Frequencies. —^These have been extensively 
studied especially in the hydrocarbons, and detailed assignments to specific 
normal modes arc well established in most cases by careful comparison 
with detailed analyses of simpler molecules, by polarization observations 
and by theoretical calculation. There are cases, however, where assign¬ 
ments are still open to question or whore anomalies appear, e.g. fine 
structure. 

For instance, in solid w-paraffins the CH2 deformation frequencies at 
1460 cm.~i and 720 cm.-i are double below the transition point but single 
from the transition point to the melting point and in the liquid state,*® 
This h^ been shovm to arise from an interaction between the CHg de¬ 
formation frequencies in neighbouring hydrocarbon chains.*® A phe¬ 
nomenon of this type is likely to occur not infrequently among polyatomic 
molecules in crystalline or highly oriented states. Since much future 
work will be done “with oriented molecules in order to utilize the greater 
analytical power of polarized infra-red radiation, the detection and proof 
of such phenomena become matters of considerable importance in the 
correct assi^ment and interpretation of hydrogen deformation frequencies. 

In certain cases small shifts occur in the positions of well-established 
characteristic CH deformation frequencies. It is essential that the reasons 
for these shifts and their maximum permissible variations be clearly 
established. Otherwise the presence of a band fairly close to the mean 
position of a key frequency cannot be accepted as a proof of the presence 
of the corresponding group in the molecule. The principal cause of such 
shifts seems to be a change in the charge distribution on the carbon 
caused by the presence of strongly electronegative atoms attached to the 
same on a neighbouring carbon atom.*^ *» Shifts as much as 100 cm,-* 
can occur in this manner in alkene groups. It is interesting to consider 
whether such effects can occur in the branching of hydrocarbon chains. 
Thus there is a well-established empirical result that the CHg rocking 
frequency at 725 cm,~* in long chain ?i-paraffins is modffied to 740 cm."* 
and further to 770 cm."* when the number of CHa group in the chain 
drops to two and one respectively.** It is important to understand the 
reason for such a shift which can be important in locating a small side 
chain near the end of a long chain, e.g. structure of phthiocerane.*’ One 
possibility is that the charge distribution on a CHa group depends on the 
number of adjacent CHa groups. 

(6) OH Deformation Frequencies. —^In spite of their importance in 
structural analysis, very little systematic work has been done on OH 
deformation frequencies and no such simple rules exist as for the CH 
frequencies. In water this frequency lies near 1660 cm."* but no other 
molecule with an OH group has exhibited a band liigher than 1450 cm."* 
which could possibly be attributed to OH deformation. It might be 
thought that the OH deformation frequencies in polyatomic molecules 
approached through the complete analysis of the methyl 
alcohol spectrum. While this has indeed shown that one of the motions 
IS a severely hindered rotation of the OH bond about the CO axis giving 
rise to an absorption*® in the gaseous phase extending from 700 cm.”* to 


*® Sutherland and Vallance Jones, Nature, 1947, l<k>, 567 
** Simpson and Sutherland, Proc. Roy, Soc, A. 1949, 199, 1G9. 

Stem and Sutherland, to be published shortly. 

*» Montroll and Stein, to be pubUshed shortly. 

U Proc. Roy. Soc. A. 1949, 196. 195. 

iorkington, J. Chem. Phystes, 1949, 17, 1277. 

r j* Harris, Simpson, Sutherland, Thomspon, Whiffen and Willis. 

R^ort No. XI (Infra-red Spectra of Hydrocarbons), 1946. 

1. Sheppard, Sutherland and Walsh, Nature). 1947, 160, 380. 

Burkhard, Ph.JD. Thesis (Universtiy of Michigan, 1949. 



28o targe MOT.ECULES 

50 there is disagreement in the literature about the assigiunent 

of the other OH deformation frequency in which the H atom moves in 
the COH plane and mainly perpendicular to the OH bond. Some 
authors favour a value of T109 cm.-^ while others 22 consider 
1340 cm.-i as the true value. In an attempt to resolve this difficulty, 
new studies were made on the spectra of some of the simpler ali])hatic 
alcohols in the vapour and liquid state to sec which bands moved to shorter 
wavelengths in such a transition (c£. the well-known cltcct of hydrogen 
bonding on deformation frequencies). While this work indicates that the 
primary alcohols have an OH deformation frequency near 1350 cm.~^ 
in the liquid state, there is another frequency near 1100 cm.“i which also 
moves to lower values in going from liquid to vapour. A similar effect 
has been noted in phenol ** where the corresponding frequencies are at 
1350 cm.”^ and 1200 cm.”^ and deuteration shows that both these fre¬ 
quencies must arise from deformation motions of hydrogen atoms. The 
complexity of the changes in the spectra of the alcohols between 1450 cm.^^ 
and 600 cm.-i in the transition from the vapour, through dilute solution to 
the liquid state indicates that much more experimental work on hydroxylic 
(and the corresponding OD) compounds must be carried out before the 
spectroscopist can make reliable assignments of OH deformation fre¬ 
quencies. In view of the impossibility of distinguishing OH from NH 
stretching frequencies in many instances, this is an urgent requirement. 
Two of the current classifications *• of characteristic frequencies put 
the OH deformation frequency as lying between about 1050 cm.-^ and 
1080 cm.“^ but in neither case is any justification given for the assignment, 
which is certainly wrong in many cases. 

NH Deformation Frequencies,—Here the situation is also very unsatis¬ 
factory. There is general agreement that in simple amines the 

internal deformation frequency of the NHj group occurs in the range 
1590 cm. to 1650 cm.“i, but no convincing assignments are available for 
the external deformation motions of the NH, group. Furthermore, in 
monosubstituted amines there is still disagreement on the NH deformation 
frequency. From work done in connection with the penicillin problem 
in various laboratories,®** it is established that all non-cyclic monosub¬ 
stituted amides have a strong band near 1550 cm.-^, but there is still 
disagreement ®®»®8. ®* on whether this should be assigned to an NH 
deformation or to a C—^N frequency. It is not possible to summarize 
the detailed arguments here but two new pieces of evidence in favour of 
the former interpretation may be mentioned. 

Examination ol the spectrum of acetyl glycine contaiixing 32 % 
of N^® showed no decrease in the intensity of this band and a negligible 
shift in the position (^2 cm.-i). If the 1550 cm.-^ had been due to a 
C—^N frequency (with the necessary high force constant) a much greater 
isotopic shift would have been anticipated. Furthermore, the acetyl 
glycine enriched with N^® showed a reduction in intensity of a band near 
996 cm.'-i and the appearance of a subsidiary maximum near 986 cm.“^. 

Borden and Barker, /. Chem, Physios, 1938, 6, 553. 

so Davies, ibid., 1948, 16, 267. 

Noether, ibid,, 1942, lo, 693. 

*• Herzberg, Inf reared and Raman Spectra (Van Nostrand, New York, 1945), 
P- 334- 

** Ramsay and Sutherland, to be published shortly. 

Wi lliam s, Hofstadter and Herman, /. Chem, Physics, 1939, 7, 802. 

*® Baxnes, Gore, Stafford and Williams, Andl, Chem,, 1948, 20, 402. 

*• Thompson, J, Chem. Soc., 1948, 328. 

Randall, Fowler, Fuson and Dangl, Infra-^ed Determination of Organic 
Structures (Van Nostrand, New York, 1945). 

Clarke, Johnson and Robinson, Chemistry of Penicillin (Princeton Uni¬ 
versity Press, Princeton, N.J., 1949), Chap. 13. 

Richards and Thompson, /. Chem, Soc„ 1947, 1248. 

Darmon and Sutherland, to be publish^ shortly. 
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This is what might be expected for a C—(single bond) frequency in 
this neighbourhood. The second fact is that the spectrum of Nylon in 
which about 38 % of the NH amide groups have the hydrogen replaced 
with isobutyl groups shows a marked decrease in the intensity of the 
1550 cm.~^ band relative to the 0=0 band at 1650 cm."^. It must be 
remembered, however, that the effects of deuteration on the spectrum of 
a —CO—^NH— group are very complex and it seems probable that 
effects similar to those mentioned in the case of OH deformation fre¬ 
quencies also occur in the amides in the liquid and solid state. 

Unfortunately limitation of space does not permit the discussion of 
problems connected with multiple bond and skeletal frequencies. The 
former will be much more important than the latter in biological work 
and considerable success has already been achieved in locating C =0 
groups in steroids through small changes in the position and intensity 
of the C =0 band according to the situation of the C ==0 group in the steroid 
skeleton. 

The main conclusion from this brief discussion is that much more 
work is required on the spectroscopic effects of the following factors in 
modifying group frequencies in large molecules : 

(i) Intermolecular forces (including hydrogen bonding) encountered in 
solution, in the liquid state and in solids, both amorphous and crystalline. 

(ii) Weak intramolecular forces such as occur in internal hydrogen 
bonding and in restricted rotation about a single bond. 

(iii) Changes of charge distribution in characteristic groups caused 
by the presence of strongly electronegative or electropositive groups in 
certain positions relative to the group under consideration. 

(iv) Changes in group force constants due to changes in bond hybrid¬ 
ization, arising from different environments of a particular group in different 
molecules. 

The effects of all these factors on the intensities as well as on the posi¬ 
tions of characteristic frequencies must be studied. Finally the need for 
more theoretical work on the determination of the force constants govern¬ 
ing the frequencies of characteristic groups must be stressed. In the last 
analysis it is the force constants and not the frequencies which are the 
fundamental physical constants of groups of atoms in large molecules. 

Physics Laboratory, 

University of Michigan, 

Ann Arbor, 

Michigan, U.S.A. 

®^ Jones, Williams, Whalen and Dobriner, J. Amer. Chem, Soc., 1948, 70, 2024. 


THE APPLICATION OF POLARIZED INFRA-RED 
RADIATION TO PROBLEMS IN MOLECULAR 
STRUCTURE 

I. POLYISOPRENES 


By G. B. B. M. Sutherland and A. Vallance Jones 
Received yrd July, 1950 

The infra-red spectra of rubber and of both forms of gutta-percha have been 
investigated between 5 and 15 fj. under various conditions. When rubber and 
gutta-percha are each in the amorphous state, their infra-red spectra are closely 
similar although not identical; in the crystalline state, marked differences occur 
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between the spectra of these three forms of polyisoprene. Using polarized 
radiation, the dichroic i alios of bands which can be assigned with certainty arc 
in general qualitative agreement with the crystalline structures proposed by 
Bunn. The spectrum of rubber crystallized by freezing has becu examined at 
low temperatures and it is shown that apparent intensity changes occur in 
certain absorption bands crVvStallization. The importance <>l this eUo('t in 
using inlra-rcd methods to estimate the degree of crystallinity produced in 
rubber by stietching is cin]ihasizetl Assignments of a f(‘w ol the main bands 
are discussed but no attempt i'. made to give a complete iiitei pi elation of the 
spectra. 


Polarized infra-red radiation has been used to investigate the molec¬ 
ular structures of crystalline compounds for over 30 years, but the early 
work was almost entirely confined to ions of inorganic materials such as 
nitrates, sulphates and carbonates.^ Within the past few years there 
has been a revival of interest in the field “ because the interpretation of 
the infra-red spectra of organic molecules has now reached a stage where 
many of the intense bands can be assigned unequivocally to separable 
modes of vibration of small key groups in such large molecules. It thus 
becomes possible to deduce the orientation of these key groups in a crystal¬ 
line or partially oriented solid with respect to the crystalline axes or to 
the direction of orientation as defined by other physical moans. Once 
the orientation of these key groups has been fixed it should often bo 
possible (using the knowledge of internuclear distances and bond angles 
derived by other physical methods and chemical evidence) to arrive at 
a unique model for the molecule or polymer of which the solid is com¬ 
posed. Most of the characteristic frequencies of key groups which form 
the basis of this method have been derived from observations in simpler 
molecules in the liquid or gaseous state; the eficcts of solidification and 
of crystallization on these characteristic frequencies have not been very 
fully investigated. It is well known, for instance, that certain absorption 
bands are altered in intensity and position by the transition from the 
liquid to the solid state and in many cases new absorption bands appear 
close to the position of the ori^nal one. Until such changes are under¬ 
stood the method of polarized infra-red radiation has serious drawbacks. 
In this paper we shall describe some investigations made in this general 
field, in which particular attention has been paid to such effects on the 
spectra of polymers. The polymers are particularly mteresting subjects 
for study since in many respects they may bo regarded as mixtures of 
liquids (amorplious part) and solids (crystalline part). 

The polymers discussed in this paper are the various fornis of poly¬ 
isoprene, viz., rubber and a- and j8-gutta-percha. 

Experimental 

The spectrometer used was a Perkiii-Elmer Model X2-J3, with a rocksalt 
prism. The output from the thermocouple detector was amplified by a General 
Motors breaker type amplifier and recorded by a Brown recorder. A selenium 
transmission polarizer was kindly put at our disposal by Dr. A. Elliott; it has 
been described by him elsewhere.® The polarizer was mounted directly in front 
of the entrance slit of the spectrometer. Most of the polymer samples were 
examined as thin films which were of sufficient area to be mounted immediately 
in front of the polarizer, with the direction of oiicntation either parallel or 
perpendicular to the entrance slit of the spectrometer. 

The spectra at high temperatures were obtained by the use of a heated cell 
of the type described by Richards and Thompson.^ The low temperature spectra 

^ Schaefer and Matossi, Das Ultraroie Spektrum (Julius Springer, Berlin, 
1930), ist edn., p. 329. 

* Gore, hid, Eng. Chem. (Anal.), 1950, 22, 7. 

® Elliott, Ambrose and Temple, J, Opt. Soc. Anier., 1948, 38, 2x2. 

* Richards and Thompson, Trans. Faraday Soc., 1945, 
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were obtained using a cell (to be described elsewhere) which is similar to that 
described by Ubbelohde and Woodward.® In this case, and also when the area 
of the sample was limited, it was arranged that the sample could be placed at 
a subsidiary focus of the source. Since it is then essential that the sample can 
be replaced very accurately at the subsidiary focus, the heated cell, the low 
temperature cell and the minimum area sample holder were all fixed to kine¬ 
matically mounted sliding carriages ® on which they could be moved in or out 
of the xJath ol the beam for the measurement of percentage transmission. 

It has been found essential in order to detect small changes in polarization 
properties of bands to follow a regular routine in observing and checking the 
intensities of bands. The following was our procedure. Firstly, the incident 
energy was recorded with the electric vector parallel to the slit. The sample 
was then placed in position and a duplicate set of absorptions superposed on 
the same length of recorder paper. Without disturbing the sample the polarizer 
was then rotated until the electric vector of the polarized radiation was per¬ 
pendicular to the slit. A second absorption run was then recorded in duplicate. 
The sample was then removed and a second incident energy run recorded. From 
these records the percentage absorption may be plotted as a function of fre¬ 
quency and the polarization effects revealed. The resulfs obtained by tho 
above method were checked at the absorption maxima of important bands by 
making measurements at fixed frequency settings of the spectrometer. 

Results 

Spectra of Polyisoprenes. —Polyisoprene occurs naturally as rubber and 
gutta-percha ; the difierences between the two forms are attributed to cis-trans 
isomerism about the carbon-carbon double bond. X-ray investigations by 
Bunn’ are generally accepted as showing that rubber has the ds and gutta¬ 
percha the trans configuration. Gutta-percha may exist in two different forms 
at room temperature; the naturally occurring form is known as the a-form, 
but on heating above 65® C and cooling rapidly the j8 form is produced. Thus, 
above 65® C only one form exists and is known by X-ray methods to be amor¬ 
phous. The difference between the a- and / 3 -fonns arises from different crystal¬ 
line structures, the former having a repeat distance of 8*7 A and the latter a 
repeat distance of 4*7 A. At room temperature rubber is amorphous but 
crystaUinity may be produced by cooling to about — 20° C. 

The infra-red spectra of rubber and of the a- and j?-fonns of gutta-percha 
when examined at room temperature show certain features in common but 
also show very marked differences (Fig. ia and 6).* The differences betw'een 
the a- and j 3 -forms must be attributed to the differences in crystalline structure ; 
the differences between the spectrum of rubber and either gutta-percha may be 
due partly to the effects of crystallinity and partly to the effects of cis-trans 
isomerism. In order to separate out these effects the spectrum of gutta-percha 
was investigated in a heated cell at 73® C. This spectrum, given in Fig. IB, 
shows that the main differences (especially those in the region of 700-800 cm.-^) 
are due to crystallinity and that the spectra of cis and trans polyisoprene when 
both arc in the amorphous form are closely similar. Whether the remaining 
differences which are presumably due to cis-trans isomerism can be shown on 
spectroscopic grounds to arise from this effect is not yet certain although some 
suggestive correlations have been pointed out by Saunders and Smith ® between 
the spectra of simpler cis and trans analogues ox the polyisoprene series and tho 
corresponding bands in rubber and gutta-percha near 1640 cm."^ and 890 cm.-^. 

We may now consider the spectra of the crystalline forms of cis and trans 
polyisoprene, starting with that of rubber, in which crystallinity has been pro¬ 
duced by stretching. The spectrum of a lightly vulcanized latex is given in 
Fig. 2, the two curves corresponding to the electric vector parallel and per¬ 
pendicular to the direction of stretching. It will be observed that although 
nearly every band shows dichroism the effects are most marked for the bands 
at 1665 cm.-i, 1365 cm.~i, 1130 cm.-^ and 840 cm.-^. The assignments of 

® Ubbelohde and Woodward, Proc. Roy. Soc. A, 1947, *88, 358. 

« Strong, Modern Physical Laboratory Practice (Blackie and Son, London, 
1938), ist edn.. Fig. 17, p. 587. 

’ Bunn, Proc. Roy. Soc. A, 1942, 180, 40. 

* We are very much indebted to Dr. A. J. Harding, who obtained the spectra 
of a- and / 3 -gutta-percha, for permission to include Fig. 0 . 

® Saunders and Smith, J. Appl. Physics, 1949, 20, 953. 
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two of these bands (1665 and 840 cm.”^) are well known from work in 

simpler hydrocarbons® but the 1365 cm."^ and the 1130 cm.frequencies 
which have the greatest dichroic ratios are not so well established. 



A. The infra-red spectrum of natural rubber. 

B. The infra-red spectrum of gutta-percha at 73® C. 


The 1665 cm.-i band due to the stretching of the C=aC bond has greater 
intensity for the parallel than for the perpendicular polarization in agreement 
with the generally accepted idea that the crystallites are aligned with the 
polyisoprene chains parallel to the direction of stretching. At first sight it 



Fig. 2.—Infra-red spectrum of vulcanized latex, stretched 650 %, obtained 
with polarized radiation. 

Electric vector parallel to direction of stretch. 

« — « Electric vector perpendicular to direction of stretch. 

seems surprising that the effect is so small but this point is dealt with in a later 
paragraph. 

In the region of 1370 cm.^ it will be observed that there are two bands, one 
at 1375 cm.-i showing a weak perpendicular polarization, the other at 1365 cm.-i 

• Thompson and Torkington, Trans, Faraday Soc., 1945, 41, 255 ; Sheppard 
and Sutherland, Proc. Roy. Soc, A, 1949,196, 195. 
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showing a strong parallel polarization. The 1375 cm.-^ band is well known to 
be associated with the symmetrical internal deformation m^e of the methyl 
group and thus shows the correct polarization properties. Since the change of 
electric moment is perpendicular to the axis of stretching the polarization effect 
here would be expected to be lower than in a parallel frequency such as that 
at 1665 cm.-i since the crystallites are presumably randomly oriented about 
the orientation direction. The 1365 cm.-^ band which shows strong parallel 
polarization is assigned to the in-plane deformation mode of the C—Jl group 
which would be expected to have such properties. This assignment disagrees 
with that of Saunders and Smith ® who attribute this band to a CHj deformation 
(wag), placing the CH deformation at 1285 cm.“i where an extremely weak band 
has been detected by them which shows no marked polarization properties. 
Our assignment is based on the expectation that the CH in-plane frequency 
would show a more pronounced parallel polarization character than a CHg 
wagging frequency wMch must have some perpendicular character. Moreover, 
the corresponding CHj band in polythene might be expected to have very similar 
intensity and polarization properties. There is, however, no intense band with 
parallel polarization properties in stretched polythene.^® 

The band at 1130 cm.-^ which has such strong parallel polarization cannot 
be assigned with certainty. It could be an in-plane deformation motion of the 
methyl group but has been assigned by Saunders and Smith to a wagging motion 
of the CH* groups. Further evidence is required to differentiate these assign¬ 
ments. Finally, the 840 cm.-i frequency is well known to be a CH out-of¬ 
plane frequency^ and shows the correct perpendicular polarization properties. 
An interesting phenomenon was noticed in connection with this band. It was 
found that if the specimen of rubber which was stretched was at least three 
times as wide as it was long (in the direction of stretching) then no dichroism 
was observed. However, Gehman and Field have suggested that in such a 
case double orientation occurs which would put the CH bonds very nearly in 
the plane of the sheet. If such were the case then the perpendicular polarization 
would be almost destroyed. The observation that this was so while the per¬ 
pendicular polarization of the methyl frequency at 1375 cm.-^ was unaltered 
gives independent conffrmation of the double orientation. No further discus¬ 
sion will be given here of the assignment of bands which in any case we think 
would be premature ; instead, we shall discuss the effects of crystallinity on the 
spectra 01 polyisoprenes. 

Effects of Grystallinlty.—(a) Rubber. —^It is imj^rtant to separate out 
effects due to crystallinity from those due to orientation both of amorphous 
and crystalline material which are present in the spectrum of stretched 
rubber. We therefore examined the spectrum of rubber in which crystal¬ 
lization had been produced by cooling. It was found that if unstretched 
latex is cooled rapidly to —140® C no appreciable changes occur in the 
spectrum. The bands near 1370 cm.”^ 1100 cm."i and 840 cm.to 
which particular attention was paid are shown in Fig. 3. If, however, 
the unstretched latex is cooled to —20® C held at this temperature for 
4i hr. to give considerable crystallization and then cooled to — 140®C 
for examination, a small shift occurs towards higher frequency for the 
band at 840 cm.-^ coupled with a small increase in intensity (Fig. 3) 
while the band at 1130 cm.“i also appears to increase somewhat in in¬ 
tensity. There are, therefore, two effects produced by random crystalliza¬ 
tion on the s]^trum of rubber taken at a temperature of —140® C, viz. 
a small shift in one band and small apparent increase in intensity in at 
least two other bands. In order to separate out the effect of temperature 
change from that due to crystallization the spectrum of stretched latex 
was observed after rapid cooling to — I40®C. This is given in Fig. 4. 
Here there is a marked increase in intensity in most of the bands, in 
particular, in those at 1130 cm.”^ and 840 cm."^ which showed an ap¬ 
parent increase in intensity in the unstretched latex. It might appear 
that the intensity change was entirely due to the effect of temperature 
on the spectra of the crystallites. However, Saunders and Smith have 
examined the spectrum of unstretched latex cooled to — 25® C and held 

EUiott, Ambrose and Temple, J, Chem, Phystes, 1948, 16, 877. 
n Gehman and Field, /. AppL Physics, 1939, lO, 564. 
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at that temperature. Their curve shows that the 1130 cm. band increases 
in intensity when crystallization occurs while the band at 840 cm.“i in¬ 
creases in' frequency and in intensity. It is interesting to note that 



Fig, 3.—Infra-red spectra of stretched and unstretched latex. 

- Room temperature. 

-Rapid cooling to •— 140° C. 

.... Crystallized at —20°, observed at —140® C. 

Saunders and Smith observed no change in the 16C5 cm.-^ band on 
crystallization. We did not examine this band at low temperature. 
We may conclude, therefore that in going from the amorphous to the 
crystalline state absorption bands in rubber may show (i) no change in 



Fig. 4.—Infra-red spectrum of stretched vulcanized latex; 400 % extension. 

- Room temperature. 

-—140'* C. 

intensity or position (1665 cm.-^), (ii) a change in intensity but not in 
position (1130 cm."i) or (in) a change in intensity and in position (840 cm.“=^). 

These conclusions have an important bearing on the interpretation 
of the infra-red spectra (polarized and unpolarized) of stretched rubber. 
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For instance, Williams and Dale,^* who first observed the shift in the 
840 cm.'-i band on stretching, have concluded that this indicates a change 
in the C—C bond length produced by stretching. This effect is now seen 
to be due to crystallization which occurs either on stretching or cooling. 
Moreover, their assignment of this band to a C—C skeletal frequency is 
no longer defensible in view of the polarization results mentioned earlier 
in this paper, especially those in connection with double orientation. 
One other observ^ation made in the course of this work may be quoted in 
this connection. Using polarized radiation, the behaviour of the 840 cm.“^ 
band was studied for varic'Jus degrees of stretching. It was found that 
with the electric vector perpendicular to the direction of stretching a 
sharp change took place in the frequency, from 835 cm.~^ to 840 cm.“’ at 
an extension ratio of about 3*5. For the parallel case the change was 
much slower. Now the X-ray evidence indicates that crystallization 
becomes very much enhanced near an extension ratio of 3*5. There 
would seem to be evidence from the polarization observations of Fig. 5 
that there are two separate bands near 840 cm.“^, one due to the amorphous 
form and one due to the crystalline form of rubber and that the relative 



Fig. 5.—Frequency of maximum of band near 840 cm.-^ in infra-red spectrum 

of rubber. 

A Williams and Dale. 

O-Present work, electric vector parallel to elongation ; electric vector 

perpendicular to elongation. 


intensities of these might be used to provide a measure of crystallinity 
in rubber. 

The degree of crystallinity in rubber produced by stretching has been 
investigated by X-ray methods, but different workers have arrived at 
different conclusions. Field 1® estimated that the crystallinity might be 
as high as 80 % in rubber stretched to the highest elongations, while 
Goppel concluded that the figure was nearer 40 %. The use of polar¬ 
ization studies in infra-red spectroscopy offers an independent way of 
studying the phenomenon. However, the dichroic ratio differs very 
greatly from one band to another and the effects of crystallinity just 
discussed must be taken into accoimt. Thus, if one chooses the band 
at 1130 cm.“i the dichroic ratio would at first sight indicate a very high 
degree of crystallinity. However, the band was one which shows a 
considerable increase in intensity on crystallization and consequently 
all the high dichroic ratio indicates is that on stretching the crystallites 
become almost perfectly oriented. On the other hand the 1665 cm.“i 
band shows no increase in intensity due to crystallization and so the di¬ 
chroic ratio here must give a much truer estimate of the degree of orienta¬ 
tion and therefore indirectly of crystallinity in stretched rubber. A 
detailed investigation of the relation between dichroic ratio and extension 

Williams and Dale, Appl, Sci. Res., 1944, * 5 » 585. 

1® Field, ibid., 1941, 12, 23. 
w Goppel, ibid., 1947, i, 3. 
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ratio and how it may be interpreted in terms of the degree of crystallinity 
has been made but cannot be given here because of limitalions of space. 
The result of this investigation is that the lower value of crystallinity 
found by Goppel is confirmed. 

One further consequence of the effect of crystallinity on the apparent 
intensity of an absorption band arises when dichroic ratios are u.sod to 




difEerentiate between alternative models. Thus, from the low value of 
the dichroic ratio for the 1665 band in rubber Saunders and Smith 
have sugge^ed that the Bunn structure for rubber may have to be modified 
since on this model the 0 =C bonds do not make an angle of more 
20® with the fibre axis* The apparent low value of this dichroic ratio 
when compared with that found for the 1130 cm.-^ band may well be due 
to the fact that the former bands show no increase in intensity on 
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crystallization whereas the latter docs. Consequently the high dichroic 
ratio of the 1130 cm.-^ band compared to the 1665 cm.“^ band must be 
due in large part to the increased intensity arising from crystallinity. 
Such effects must be carefully considered before valid deductions can 
be made on such structural questions. It should aJ^o bo noted that the 
1665 cm.-i band may contain a contribution from the overtone of the 
840 cm.-^ band which would also affect the dichroism. 

(b) Gutta-pkrcha.— The spectra of the a and p forms of gutta-percha 
observed at room temperature with unpolarized radiation are given in 
Fig. 6 and agree in essential features with those reported by Saunders and 
Smith. The principal differences between these spectra and the spectrum 
of amorphous gutta-percha observed at 73® C occur in the region of 700- 
900 cm.“i. These differences must be due to crystallization and are much 
more pronounced than the corresponding effects in rubber. Thus new 
bands appear at 800 cm.~^, 870 cm.-^ and 890 cm.-^ in the a form and 
at 750 cm.-i, 800 cm.-’^ and 890 cm.~i in the p form. There may bo a 
small shift of the 840 cm.-^ band of the amorphous form towards higher 
frequencies in crystallization to either the a- or the jS-form which would 

SPECTRUM OF GUTTA PERCHA SOhSOOcm-* /5**^J/**C 



correspond to the behaviour of this band in rubber. The gradual dis¬ 
appearance of these new bands arising from the jS-crystalline form as the 
gutta-percha is heated to 71® C is shown in Fig. 7, and the appearance of 
the a bands is also given as the same specimen was cooled very slowly 
to 54® C. Clearly these bands could be used to estimate the relative 
crj^stallinity of a sample of gutta-percha at various temperatures. 

The dichroism in a film of cold-drawn p gutta-percha is shown in Fig. 8. 
The results are in general agreement with those of Saunders and Smith 
except that the perpendicular polarization of the CHj frequency at 1460 
cm.“^ is much more pronounced in our curve. It may be remarked that 
this band would be expected to show more marked dichroism in gutta¬ 
percha than in rubber on the basis of Bunn's models, and that no di¬ 
chroism has yet been observed for this band in rubber. Furthermore, 
the 1665 cm.“^ (arising from the C=C frequency) should show a smaller 
dichroic effect in gutta-percha than in rubber according to the Bunn 
structures. This effect was first observ'ed by Saunders and Smith and 
has been confirmed by us although the spectra are not reproduced here. 

The interpretation of the appearance of extra bands between 700 
cm."i and 900 cm.~^ in gutta-percha or crystallization remains obscure. 
The explanation must come from a closer study of the relation between 
absorption spectra and crystallinity. A few remarks may be made on 
the tentative assignments given for these bands by Saunders and Smith. 
These authors have assigned the 840 cm.”^ band in a and p gutta-percha 
K 
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to a C—C skeletal stretching frequency although in rubber their assign¬ 
ment of the 845 cm.”^ band is the same as ours, viz, to the CH out of 
plane deformation frequency. In gutta-percha, they assume that the 
latter mode of vibration has moved to 800 cm.-^ No supporting evidence 
is given for these assignments and we fool there is some evidence against 
them. The 840 cm. band in rubber shifts somewhat to higher frequencies 
on crystallization ; a similar effect was found by us in the 840 cm.-^ 
band in gutta-percha. Tins indicates that this band has the same origin 
in the two spectra, wher(‘as the assignment of Saunders and Smith and 
of Williams and Dale would imply tliat in amorphous gutta-])ercha the 
840 cm.*"i band is entirely due to a C—C skeletal mode. It would seem 
strange that the spectra of amorphous rubber and gutta-percha which 
are so similar should have different interpretations for this intense band. 

On the other hand, Saunders and Smith, and Williams and Dale 
assign the bands at 860 cm.-^- and 880 cm. to CII3 deformation modes. 



Fig. 8. —Infra-red spectrum of cold-drawn j8-gutta-percha; polarized radiation. 

- Electric vector parallel to elongation, 

— - Electric vector perpendicular to elongation. 

This seems reasonable, but the failure of these bands to appear in crystal¬ 
line rubber is still unexplained. The possibility that interaction eEects 
may occur between some of the hydrogeuic deformation friHiuencies 
analogous to these found in polythene and hydrocarbons by Stein and 
Sutherland should not be overlooked. 

We wish to acknowledge the loan of the Perkin-Elmcr Spectrometer 
used in these investigations from Aero Research Limited. This work 
was carried out during the tenure of an 1851 Exhibition Scholarship by 
A. V. J. We arc indebted to Dr. L. R. G. Treolar of the British Rubber 
Producers' Research Association for certain of the samples used. We 
would acknowledge the benefit of vaduable discussions with Dr. N. Sheppard 
and Dr. R. S. Stein, We are grateful to Dr. D. C. Smith for communicating 
some of his results to us before publication. 
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Changes in the intensity of the double bond frequencies (b-o /z, 10*3 fj,, ii /*, 
11*9 /t) and the CHj bending vibration occurring during the chlonnation of 
natural rubber and the formation of various rubber derivatives have been 
studied. From the weakening of the original 11*9 p. band and the appearance 
of a strong band at ii'2-io-9 p it is concluded that a double bond shift in rubber 
occurs readily under the conditions of polar reactions : 



The significance of vinylic groups for the ageing properties of rubber derivatives 
is pointed out. 

The intensity of the 6*o p C==C stretching frequency cannot be used as a 
relative measure of unsaturation, as it depends on many other factors. It is, 
however, remarkable that chlorinated rubber with 70 % Cl has still a measur¬ 
able absorption at 6 p. 

The relative intensity of the 7-25 p CH3 bending vibration has been estim¬ 
ated from the AcHt/^CH* ratio. Controlled addition of HCl or CI2 to the double 
bonds of rubber leads to an increased intensity at 7*25 p^ while it is reduced in 
technical chlorinated rubber, of similar chlorine content. 


This paper is a continuation of our studies on rubber derivatives, 
which were surveyed in a previous communication.^ The scientific pur¬ 
pose of those studies is to elucidate the correlation between structure and 
mechanical properties of polymers derived from natural and synthetic 
rubber,* while the technological aim is to produce plastics from rubber.® 

Identification of halide structures in rubber derivatives has been 
achieved by kinetic anal5^is with organic bases.* The nature of certain 
double bonds can be established kinetically using perbenzoic acid as a 
recent® and additional information on double bond structure can be 
gained from the course of reaction with ICl * and finally with HCl,’ These 
methods are, however, useless in the study of unsaturation of halogenated 
polymers as the double bonds in many olefinic halides are not reactive 
at all with these reagents. We decided therefore to explore the possi¬ 
bilities of infra-red analysis as an analytical tool. Evidence for the 

* Communication No. 132 of the Rubber Foundation, Delft, The Netherlands. 

t At present Adviser to the National Council of Industrial Research and to 

the Rubber Foundation. 

% Rubber Foundation, Delft. 

§ University of Amsterdam. 

)i University of Amsterdam. Present address : Medical Faculty of the 
University of Indonesia, Surabaja. 

^ Salomon, Faraday Soc. Discussion, 1947, 2, 361. 

* Salomon, Schweizer Archiv, 1950 (m press). 

® Salomon, van Amerongen, van Veersen, Schuur and de Decker, A.C.S. 
Cleveland Meeting, Oct. 1950 (preprint). 

* Salomon, Koningsberger and Ult^e, Froc, 2nd Rubber Tech. Conf. (London 
1948), p. 106. 

* Kolthoff, Lee and Mairs, J. Polymer Sci., 1947, a, 220. 

® Lee, Kolthofi and Mairs, ibid., 1948, 3, 66. 

’ Salomon, unpublished results. 
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migration of double bonds in thermally degraded rubber, in chlorinated 
rubber and in vulcanized rubber has been previously reported briefly by 
Sheppard and Sutherkuid.® 

In addition to the double bond problem it was hop(‘d to gain some 
semi-quantitative information on tin* remaining number of unchangf^d 
methyl groups in certain rubber derivatives. 


Experimental 

The spectrometer uswl was a single-beam insiruiiK'nt with Wadsworth- 
mirror, rock saJt prism and photographic registration. A Globar was used as 
a source of radiation. Spectra were measured bet ween 5-7-14 fi. 

Methods applied for preparing chlorinated rubber,® hydrochloiinated rubber 
and cyclized rubber have been extensively discussed elsewhere. Chloiinated 
rubbers of low chlorine content were fractionated sharply and analj^zed immedi¬ 
ately after preparation when the amount of oxidation, deduced from the in¬ 
tensity of the 0=0 bond, was still small. Details of the preparation of rubber- 
silver salt complexes will be published later. Films were prepared from chloro¬ 
form solutions on glass or rock salt plates, the former being measured as a free 
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Fig. I. —Spectra of rubber, rubber chlorides and rubber hydrochlorides. 


film on a metal frame. The thickness d oi the films, measured with a micro* 
meter, varied between 30 to 150 x io“* cm. 

The curves of the transmission T and the extinction coefficient k, where 
^ — (^/^) log i/T, as a function of wavclen^h were derived in the ordinary 
way from the curves of transmitted and incident energy and the energy 
transmitted through the blank NaCl plate, the scattering being very low. As 
the intensity of a characteristic bond we took the difference of the maximal 
value of absorption and its value at the lowest neighbouring minimum. 

. repres^tative spectra of rubber and rubber derivatives are reproduced 

in Fig. I, 2 3. The extinction coefficients derived from these Figures are 

^mmanzed in Table I and II and Fig. 4 and 5. Most of the points given in 
Fig. 4 and 5 were measured on two difierent films from the same product. Data 


• aeppaxd aad Sutherland, ref. (i), p. 374 ; J. Chem. Soc., 1947. 1699. 

W Amerongen, Komngsberger and Salomon, J. Polymer Sci. (in press), 
(i “"i Koningsberger, iHi. (in press). (e) van Amerongen. ibid. 

® van Veersen, Proc. 2nd Rubber Tech. Conf. (London. X948). p. 87 
11 van Veersen, J. Polymer Sci. (in press). f /• 
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for rubber refer to three different samples, and those for rubber hydrochlorides 
and rubber chlorides to 2-5 samples prepared independently. 

These results are discussed in the order of increasing complexity of the chemical 
problem. 

Results 

The Double Bond Frequencies In Rubber and Rubber Derivatives.— 

Rubber. —^Thc intensity of the 0*0 /i C=C stretching frequency is nearly the 



Fig. 2. —Changes in the spectrum of rubber during the course of chlorination. 



Fig. 3.—Spectra of rubber and some rubber derivatives. 


same for a number of samples but it changes as the rubber becomes oxidized. 
The intensity of the 11*9 p. band is much stronger and typical of the RRC=«CHR 
group. A weak band at 11*2 /i, typical of a vinyl group has been observed 
already by previous workers,^® who assigned its occurrence tentatively to end 
groups in the rubber chain (III). In our view the vinyl group would be also 

Dinsmore and Smith, Anal. Chem., 1948, ao, it. 
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consistent with the structure (II), which could occur in small or larger quantities 
within the chain. 

CHj CII3 CH3 

—c—(!wc—c— _c—c—c—c— R—o=cirj 

(I) 11-9 jn (II) 11-2 It (III) 11-2 It. 

This band at ii-2 it shifts on chlorination to shorter •wavelength and is finally 
found at io-6 at a chlorine content oi 70 %. We shall call tins band in rubber 
and its derivatives the iz fi band. 

Finally, there is a weak band at 10*3 fx which has been identified in other 
polymers^® and in many other substances iMth the tyans configuration of the 
double bond. It has been observed by us as well as by others ® in some samples 
of rubber as a very weak band which is stronger in certain derivatives (see 
Fig, I and 2) and in ebonite.® 


TABLE I— Double Bond and Methyl Group Intensiiies of Rubber, 
Rubber Hydrochloride, Rubber Dichloride and Chlorinated Rubber 

Hydrochloride 


Polymer 

%ci 

Roktive 

%of 

Double 

Bonds 

hfi n 

hiQ.TiiA 

kiOAti 

/fll 2/4 

^ 11 . 0/4 



Hydrociilorination of 

Rubber 



Natural rubber 









from latex . 

0 

100 

55 

0-20 

O-IO 

30 

lOo 

0*45 

Rubber—HCl 









from solution | 

29 

20 

30 

30 

0 

50 

50 

0-75 

Rubber—HCl 









from latex . I 

32 

10 

0-8 

20 

0 

40 

40 

0*75 


Addition of Chlorine to the Double Bond 


Natural rubber 
from latex . 
Rubber dichlor- 

0 

100 

55 

0-20 

o-io 

30 

160 

ide from solu¬ 
tion 

3 « 

4-2 

20 

40 

15 

0 

20 


44 

25 

5 

30 

45 

0 

15 

9 9 99 

47 

i 5 

15 

45 

15 

0 

25 


Substitution of Hydrogen by Chlorine in Rubber Hydrochloride 


Rubber—HCl 









from solution 

2 C) 

20 

30 

30 

0 

50 

50 

0*75 

Chlorinated 






rubber-HCl 

43 

? 

10 

t 5 

15 

0 

o-io 

0*65 

*i »» 

5 ^> 

? 

0-5 

15 

35 

0 

0 

0-70 


64 

? 

0-5 

15 

50 

0 

0 

0*75 


Rubber HYDROCHLORiDES.—The addition of HCl to rubber in solution and 
in latex occurs with great ease. It is difficult to saturate all double bonds 
although the theoretical figure has been approached in some experiments 
starting from latex.*® The products prepared from solution are saturated to 
80 % but the intensity of the 6 ft band does not differ essentially from that of 
the original rubber (see Table I and Fig. i). 

Those substances made from latex are saturated to 90 % and show no ab¬ 
sorption at 6 ft, while the presence of residual unsaturation is indicated by a 
weakened ivg ft band. This indicates that small changes in the structure can 
cause great differences in the 6*0 /t* intensity. 

Rubber Chlorides.—^T he addition of chlorine to the double bond can be 
achieved with SO2CI2 and a source of radicals.®® 


Hampton, Anal. Chew., 1949, 21, 921. 
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Substitution leading to the formation of allyl chlorides occurs, however, 
as a side reaction. The amount of allylic groups can be estimated from wic 
reaction with aniline. Nothing was known about the possible shift of double 

CH3 

• catalyst I , 

(C,H,). + SO,C4 —CHj- 

Cl a 


(IV) 51 % Cl 


bonds in the course of the reaction with radicals. Infra-red anal 37 sis (Table I 
and Fig. i) confirms the existence of residual double bonds, some of which must 
be of the original structure (ii *9 ^ band), while a somewhat iiregular increase 
of the 10*3 jn and io *8 fi intensities indicates the presence of isomerized and 
migrated double bonds. 



Fig. 4. —Influence of the de^ee of chlorination on the double bond intensities 

in chlorinated rubber. 


Chlorinated Rubber Hydrochlorides. —A product similar to this rubber- 
dichloride is obtained from the reaction of rubber hydrochloride with chlorine 
activated by Hght. The substitution leads first to the transformation of the 
tertiary chloride into a dichloride at a chlorine content of about 50 % and can 
be continued to 70 % chlorine content. The chemical evidence therefore points 
to the structures (IV), (V) and (VI). 


H CHa IT CHa Cl 



(V) 01 % Cl (VI) 
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Nothing ih definitely knoA\n about the foimation of new double bonds or 
of C—CI3 groups in the course ol this smooth chlorination tcncLion. Stability 
IS, however, considerably Ingliei than that ol tlie coiiesponding chlorinated 
lubbers with 50-00 % ehloiine. The absence of the ii*() /i band excludes the 
occurrence of tlic original double bond, but the increase in intensity of the rr ^ 
band is consistent with a possible foimation ol small cjiianlities of allylic groups 
(Table 1 and Fig. 1). 

CiiLORiNATKi) i.s knouii iioin extensive studies in tliis field 

that the interaction of ehlornie and lubber in solution as well as in latex first 
leads to the Jormation of allylic chloiid(‘s, which are gradually transformed into 
polychlorides. The latter piocess can occur either by addition of chlorine to 
the double bond of the allylic chloride or by continuous substitution leading to 
polychlorinated olefins. The vigorous beginning of the reaction makes the 
production of a homogeneous derivative dil/icult and the following results refer 
therefore always to fractionated chlorinated rubber obtained by gradual pre¬ 
cipitation. 

nu 


—Cl I, 



(VII) 


—C 1 I=C—CII-CH,— (Villa) 
C'l 

ClI, 

- CJl-{'—Cll—('llji-- (Vllli) 

C^l 


Chemical evidence makes an ionic mechanism })iobablc.®« Tlic hy])othctical 
intermediate (VII) can lead to two different types of allylic chlorides, (VIllo) 
and (VITIii). A decision between (Vllltt) and (VI 116 ) could be made by infra¬ 
red analysis. The double bond absorption of (V1II<7) should be found near 
the original 11*9 band, that of (VI1X6) near the ii‘2 /t band. h'ig. 2 and 4 
allow one to draw the following conclusions. 

(i) The original 11*9 fi band shows a weakening in intensity already in the 
first phase of the chlorination ; it practically disappears when one atom of 
chlonne has been .substituted in each isoprene unit. This makes formula (Villa) 
improbable. 

(ii) The w'cak ii ^ band of rubber shifts to shorter wavelength in the 
derivative. The intensity of this ti /t band becomes oi the .same order as that 
of the original strong 11*9 fi band at the chlorination phase of (CbH^CI)^. This 
result is consistent with formula (VT 1 I 6 ). 

The shift of the original ii-a band to 10*9 on chlorination has b<‘cn ob¬ 
served by us also in the following two reference compoumls (IX) and (X). 


HjC—C*«CHa 

ii Ai 

Maximum at 11*05 u. 
(IX) 


II nt, 


A d-i 


Maximum at 10*85 u. 
(X) 


Moreover, Barnard ei dlM found a similar change on introduction of a chlorine 
atom. 

This shift of the original 11*2 ja band to higher frequencies is continued on 
further chlorination of the rubber. The points at 50-70 % chlorine content in 
Fig. 4 refer actually to absorption maximum at 10*7 /i. The observed intensity 
of this band decreases with the introduction of tw’o or three chlorine atoms 
until it has reached the original low value. It is, however, not of zero intensity, 
indicating that some double bonds are left even in highly chlorinated rubber, 

(iii) The intensity of the 6*o fi band increases with increasing chlorine con¬ 
tent up to 30 % Cl. This increase might be due to a shift of the double bond 
resulting in the formation of vinyl groups as derived from the behaviour of the 
IT /* band. But it should be borne in mind that the attachment, especially of 

Barnard, Bateman, Harding, Koch and Sutherland, /. Chem, Soc,, 1950, 915. 
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polar groups, to a bond may also greatly change the intensity of the character¬ 
istic absorption band due to a change in the effective dipole moment associated 
W3th the oscillation. However, the fact that the 6*o /x band is persistent even 
in highly chlorinated rubbers proves the occurrence of residual double bonds, 
and so confirms the conclusions drawn from the behaviour of the 11 fi band. 

(iv) Support for the assumption of formula (VI 116 ) is also obtained from 
changes in the 7*25 fi CH3 band. At 30-40 % Cl content the original sharp 
methyl band is disfi^red into almost a shoulder, by an additional absorption 
in the transparent region between the absorption bands at 7'25/x and 6*85/x 
(see Fig. 2). This might indicate the absorption due to the ethylenic CH- 
deformation frequency at 7*1 /x. Actually the CHj intensity cannot be measured 
in these fractions of the chlorination product; it reappears with a reduced 
intensity in chlorinated rubber containing 40-70 % Cl (see Fig. 5B). 

Cyclized Rubber. —Cyclization is a polar polymerization reaction cata¬ 
lyzed by Lewis acids. The first phase must be a polarization of double bonds, 
which does not differ in principle from that of the assumed intermediate structure 
(VII) in chlorination. An analogous double bond shift could therefore be 
expected. An increase in intensity at the 11 fi band, together with a decrease 
at the ii‘9 /x, has already been observed by Scars,“ 

We have measured four samples of cyclized rubber prepared from latex 
with an approximate loss of 50, 70 and 80 % of the origin^ unsaturation and 
have found in all samples a strong band at ii-2 /x and only a weak 11*9 /x band 
(see Fig. 3). The chemical evidence points also to two t5rpes of double bonds, 
which differ measurably in their ease of reaction with HCl.^^ 

TABLE II.— Intensities or the Double Bond in Rubber and Rubber- 
Silver Salt Complexes 


Polymer 

Positioa m /u and Intensities of the Bands 

Natural rubber 

Complex with 19-8 % 

0*OO m. 

10-30 v.w. 

11-25 w. 

n 

AgNOg (a) 

Complex with 41-3 % 

6*11 s. 

10-25 \\\ 

11-14 s. 

■iUfl 

AgC 104 (6) 

6*14 v.s. 

10-38 s. 

10*9 v.s. 
II-I4 s. 

n-9 w. 


V.S., very strong ; s, strong ; m, medium ; w, weak ; v.w, very weak. 

(а) 0*1 mole AgNOg/i mole CgHg. A broad band in the region between 
6*9-7-g jj, is due to the nitrate group. 

(б) 0*23 mole AgQO^/i mole C^Hg. A broad band in the region between 
8*8-9*9 fj, is due to the perchlorate group. 

Complex Compounds with Silver Salts. —Chemical evidence led us to 
the assumption that the dissociation of crystalline complexes between silver 
nitrate or perchlorate and rubber was completely reversible. Some preliminary 
measurements of the spectra (see Table II and Fig. 3) indicate, however, a 
decrease of intensity of the ivg band, whereas the ii ja and 10-3 /t region 
increase both markedly in intensity. This suggests the occurrence of ds-trans 
isomerization and of a double bond shift. Moreover, the 6*o fi 0 =C stretching 
vibration band is shifted to 6* 1-6-2 fi and becomes much stronger, indicating a 
weakening of the C=C bond due to the formation of w complexes. A study 
of the rubber regenerated from the complex is under way. 

Intensity op the CHg Deformation Frequency at 7*25 fi. In this 
section the term relative intensity of the CHg band refers to the ratio 

^CHs/^CH* = ^7.26 /x/^6.86/m. 

Measurements on a number of parafi&mc reference compounds as well as data 
from literature make clear that this relative intensity is not independent of 
the rest of the molecule. Introduction of 2 or 3 neighbouring chlorine atoms 
leads generally to a reduction of the CHg intensity. A decrease in intensity 
on chlorination is therefore not a direct measure of a reduced number of CHg 

S . Unfortunately our reference data are not suflBlciently extensive to 
I fully the changes in relative intensity observed on HCl or Clg addition 

^ Sears. J, Appl. Physics, 1941, 12, 35. 
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to the double bond of rubber. It is seen from Fig. 5A that these reactions cause 
not a decrease but a marked increase in the kcEa/fiCUt intensity, which remains 
apparently unchanged on further clilorination of the hydrochloride. We do 
not yet know the influence of double bonds and the difference between 
—CHCl—CHCl— and —CHj—CCla— groups in relation to the 7-25 jj, band 
which effects may partly compensate each other. A com]>aiison ol Fig. 5 a, 
and 5B reveals immediately that an essential diffcionce exists bctv<oen the con- 
trolled addition and substitution reactions (5A) and the complicated loaction 
pioducts of direct chlorination (5B). The points in Fig. rclcr to the same 
tractions as those in Fig. 4. It has already been mentioned that the original 
7*25 fi band di.sappears in chlorinated rubber with 30-40 % Cl content. Only 
a few of the other tractions indicate a stronger relative intensity, mo.st of them 
are unchanged or show a decrease. The ratio 0*4 for the highly chlorinated 
products in Fig. 5B should be compared with the ratio 0-7 obtained for products 
with similar chlorine content in Fig, 5A. The loss of methyl groups on direct 
chlorination is tentatively suggested from these data. Methyl groups could 
disappear either by chlorine addition at the intermediate (V 1 II 6 ) or by direct 
chlonnation leading to the primary R—CH^Q group. A search for the cor¬ 
responding O-Cl frequency is now being made. 



Chlorides with known structure 


Chlorinated rubbers 


Fig. 5. —Relative intensities itcn»/CHa of the methyl groups in clilorine containing 

rubber derivatives. 

#. Rubber dichlorides ; 

O Rubber hydrochlorides and chlorinated lubber hydrochlorides. 


Discussion 

Our data suggest that the intermodiale formation of the vinyl con¬ 


figuration —C—C—C— by a shift of the original double bond occurs not 
only in the course of chlorination reactions, but also in other reactions of 
rubber with acceptor molecules* The vinyl grouj> in turn leads to a rt'lalivc 
increase in the intensity of the 6-o C=C stretching vibration, so that 
the latter becomes useless for even a rough estimate of double bond con¬ 
centration in a polyisoprene derivative. The curious observation, that 
a hydrochloride with 20 % of the original double bond number shows still 
a moderate 6 ji absorption while one with 10 % double bonds 1® has no 
6 fA band, indica.tes that small differences can cause significant changes in 
the 6*0 intensity. The 6-o fjL frequency is, however, very useful for the 
qualitative indication of residual double bonds. We have shown that 
chlorinated rubber with 65-70 % Cl content still contains some double 
bonds, while the unsaturation of fully sulphurized ebonite has been pre¬ 
viously mentioned by Sheppard and Sutherland.* 

T^e discovery of vinyl-groups in rubber derivatives explains im¬ 
mediately many observations made by the first-xiamed author and his 
colleagues in past years. It is well known that the strong cross-linking 
tendency of polybutadienes is due to the presence of 15-20 % vinyl groups 


la, which are more apt to polymerize than internal" 
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double bonds. A significant difference between natural rubber and all 
its derivatives is, that the latter cross-link on the slightest provocation 
like S3mthetic rubbers. This has been found with partly chlorinated nibber, 
cyclized rubber, isorubber, partly hydrochlorinatcd rubber and even with 
the silver salt complexes. Our infra-red data suggest double bond shifts 
as the probable cause of these disturbing side reactions. 

Our data as well as those of previous authors arc consistent with the 
assumption of 1-5 % vinyl groups in rubber. Chemical evidence 011 the 
structure of rubber does not exclude such small quantities of vinyl groups. 
Vulcanization is partly a polar reaction just as is chlorination, and thus 
might lead to an increase of the origmally small number of vinyl groups. 
In one case at least this supposition is supported by experimental evidence ; 
the vulcanization of rubber with SgCla is accompanied by the formation 
of a strong ii*2 fj, band according to Thompson.This method of cross- 
linking rubber differs, however, chemically from the technical vulcanization 
with sulphur. 

No positive indication of similar changes on reaction either with sul¬ 
phur alone or with a mercaptobenzothiazol-type accelerated mix can be 
deduced from pubhshed data.^®» This, however, does not exclude 

double bond shifts and isomerization, especi^ly under other conditions of 
technical vulcanization.® The occurrence of vinyl groups in raw rubber 
and intermediate double bond shifts deserve closer study, in view of their 
importance in relation to the tendency of rubber to form cross-links 
during vulcanization. 

The results of our attempts to measure the methyl groups are rather 
disappointing. It is obvious that the relative intensity of the CH 5 bending 
deformation can be increased as well as decreased by a combination of 
addition and substitution reactions. Therefore not more than a rough 
qualitative picture has been obtained. 

Summing up, our impressions gained from these exploratory experi¬ 
ments are that infra-red analysis is a useful but delicate tool in polymer 
chemistry. The discovery of intermediate processes by qualitative ob¬ 
servation of new frequencies can stimulate the work of technologists, but 
any attempt to draw semi-quantitative conclusions from intensity measure¬ 
ments must be preceded by a detailed knowledge of the chemistry involved. 

We wish to thank Miss E. van Brussel for technical assistance and the 
Rubber Foundation for permission of publication. 
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POLYMER TYPES AND SPECIFIC ABSORPTIONS 
IN THE ULTRA-VIOLET BY HYDROGEN-BRIDGED 
AMIDES AND ALCOHOLS WITH APPLICATION TO 
THE PROTEIN STRUCTURE PROBLEM 


By Gladys A. Anslow 
Received ijth July, 1950 

The objective of these investigations was to locate and to attempt the identifi¬ 
cation of the origins of the absorption continua, which appear in the ultra-violet 
spectra of hydrogen-bridged molecules, corrdating these with information from 
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other types of physical mcasuremenls ; to explore the nature of the excitation 
process and to establish ecpiations giving the minimum ficqueiicy of the re¬ 
spective contmua ; and finally to correlate the findings with the specti«i of 
proteins. The principal absorptions below 250 mix in amides and alcohols 
prove to be of electronic-vibrational oiigiii, the onset trc(|uencies and respective 
types depending on the dimer or polymer t>T,)e of associate<l molecule. Poly¬ 
meric alcohols appear to be as‘-ociated through ionic OJH bonds. Weak giound 
state dissociation ol OH • • • O with onset near 35,000 cin.-^ seems to be charac¬ 
teristic of bound water. Cl I ■ • * N and Cll • • * O association eftects are discussed. 
Applications are made to the spectra of the piott'ins, zein and gelatin. 


Since molecular association through hydrogen bridges produces the 
well-known frequency shifts in the stretching and bending vibration 
bands in infra-red absorption spectra, it seems probable that the effects 
of association also appear in ultra-violet absorption spectra. In the latter 
region electronic-vibrational excitation of hydrogen-bridged bonds must 
occur at higher energies than in unassocialcd molecules, the excess energy 
being expended in vibrational excitation of the bridge, at times resulting 
in its rupture. It has previously been suggested that tlie “ end " ab¬ 
sorption, which sets in near 220-200 nift in carboxylic acids. ^ has such an 
origin.* The wave number v of the long wavelength edge of this absorption 
in fatty and amino acids has been shown ® to be linear with the inverse 
square root of the reduced mass fi of the bridged units, obe5nng an equation,* 
which may be written 

hv = Avoo(OH) -f hv^(Ol{ • • • O).(i) 

where voo is 32,400 cm.“i, the frequency of the transition t/' o o 

in the strong OH band *■ near 306 m^t, and * O) is the dissociation 

energy of the bridged bond in the excited state. 

Since the spectra of the alcohols • and of the fatty acids *• ^ in this 
region have similar character and the amides exhibit continua at slightly 
higher wavelengths, an extensive investigation of the ultra-violet spectra 
of the alcohols and of the acid amides has been conducted to locate their 
absorption continua, to observe the differences in the character of OH • • • O 
and NH... O absorption, and to test the validity of eqn. (i). It is 
believed that such information may prove a valuable complement to infra¬ 
red data in the discussion of the structure of largo molecules. 

The Polymer Types of Amides and Alcohols. —In solutions a portion 
of the molecules which are subject to hydrogen bridging will bo in the 
unassociated state and others associated, the relative amounts depending 
on the molar concentrations and the polarity of the wsolvcnt; consequently 
the spectra studied may contain bands characteristic of monomers as well 
as of the various polymers. The latter may occur as linear polymers, 
dimers, trimers or higher multiple polymers. 

Amide association must be dimeric or trimeric. An X-ray analysis 
of acetamide crystals’ indicates trimeric association with each oxygen 
bridged to one of the hydrogens of two neighbouring molecules and the 
methyl groups tied closely by van der Waals' forces. It is probable that 
such formation occurs in the crystals of other amides. Although by ana¬ 
logy with the behaviour of carboxylic acids, amides might bo exi>ected to 

1 Ley and Arends, Z. physik, Ch$m, B, X929, 4, 234 ; 1932, 17, 177. 

* Anslow, Physic, Rev,, 1942, 61, 546. 

® Anslow and Foster, J, Biol. Chem,, 1932, 47, 37. 

♦ In the earlier pap^ v^o was erroneously identified as an atomic rather 
than a molecular excitation frequency. 

^Dieke and Blue, Physic, Rev., 1935, 47, 5561; Tanake and Koana, Proc. 
Physic. Math. Soc. Jap., 1934, i6, 363. 

« Schiebe, Z. physik. Chem. B, 1929, 5, 355, 

• Platt, Kusofi and Elevens, J. Chem. Pl^sics, X943, 11, 535. 

’ Senti and Harker, /. Amer. Chem. Soc., 1940, 2008. 
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polymerize as dimers and to fuse, as suggested by Copley,® layer to layei* 
through weaker NH • • • O bonds, an attempt to build the model shows 
that the bond angles would be distorted, resulting in considerable strain* 
If, however, the dimers arc associated through water, the strain disappears. 

X-ray studies have shown that cyclic amides, such as glycine anhydride,® 
are dimerically associated, forming long chains tied by van der Waals* 
forces or CH • • • O bridges to form crystciUine layers. A diffraction study 
of urea cr3^tals indicates two hydrogens to each carbonyl oxygen and 
two other hydrogens associated with it through van der Waals* forces. 
In solutions this weak association is broken leaving two '' free '* amides 
per molecule. These crystalline types are reflected in the infra-red spectra 
of solid specimens. 

Crystallographic measurements 1® show that alcohols associate as long 
linear pol5nners. Dielectric constant measurements indicate that 
primary alcohols form longer polymers than secondary and tertiary 
alcohols. In the latter steric hindrance may prevent linear polymerization, 
resulting in the formation of open dimers or of closed trimers, as deter¬ 
mined by the configuration of the R groups. Consequently two families 
of association bands may be expected to appear in the isomeric alcohols. 

The Photo-Dissociation Process.—^Whereas before ultra-violet irradia¬ 
tion the bridged group consists of a covalent bond, which is partially 
ionic in character as a result of the bridge, and of a bridge of greater ionic 
character, after electronic excitation, the ionic character of the bond is 
greatly increased. The theories of the nature of the hydrogen bond in 
the lower state have been ably discussed by Davies, i® In the excited 
state OH • • • O groups must exist as O : H : O configurations with the 
bridge energy considerably increased and the bond and the bridge equi¬ 
valent in character. In the N : H : O configuration the vibrational energy 
of the bond must be less than that of the bridge. The minimum photon 
energy required to dissociate the group must be equivalent to the sum of 
the bond and bridge energies plus the resonance energy in the lower state. 

Following the method used in the dissociation theory of diatomic 
molecules it can be shown that for polyatomic molecules, the dissociation 
energy is 

£>, = «.*/ (— + 2x^,l<o, + . (2) 

an equation derived from Nielsen's “ expression for the vibrational- 
rotational energy of polyatomic molecules, where v, and vy are vibrational 
quantum numb^, g, and the orders of degeneracy of the normal 
vibration frequencies, and of the s and s' modes of normal vibration, 
respectively, and and are anharmonicity constants. To the first 
approximation 

= col/ 4 Xss), .(3) 

as for diatomic molecules. Since the force constants depend on the 
electronic configuration, Dq cc approximately. 

It must be emphasized that in general this dissociation occurs in the 
excited state; but occasionally, when the steric configuration of the larger 
molecules results in considerable perturbation of the energy levels, the 
transition probability for dissociation in the ground may be finite. In 

* Copley, Zellhoefer and Marvel, /, A>ner, Cham. Soc„ 1938, 60, 1598. 

* Corey, iUd., 1948, 60, 1598. 

10 Wycoff and Corey, Z. Kfist., 1939, 89, 4629. 

Kellner, Proc. Roy. Soc. A, 1940, 176, 448 ; 1941, 177, 456. 

Bushwell, Downing and Rodebush, /. Amer. Chew. Soc., 1939, 43, 219. 

1® Zachariasen, J. Cham. Physics., 1933, h 5^5 : Harvey, ibid,, 1938, 6, in; 
Pierce and Marmella, J. Amer. Cham, Soc,, 1939, 60, 779, 

Kumler, J, Amer. Cham. Soc., 1935, 57, 600. 

Davies, Ann. Raports, 1947, 43 » 5 - 

1® Nielsen, Physic. Rev,, 1941, 60, 794. 
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both states exceeds the corres]K)nding value in unassociated molecules, 
the upper state being displaced upwards on th<* * * § potential energy diagram 
by an energy equal to that of the bridge. 

Experimental 

The ultra-violet .spectra were obtained with a Beckman quartz spectro¬ 
photometer employing silica cells and permitting monochromatic mca.snrements 
to 220 m/t and with a Lyman vacuum spectrograph • togetlier with an Allen 
type ” hydrogen lamp with the tilamcnt turned at right-angles from the po.sition 
described in the original papcr.f The intensity of this source, wlien the lamp 
was flushed out daily with hydrogen, proved extremely constant during oper¬ 
ation. Cells of less than 0*3 mm. thickness were formed by surface tension 
according to the method employed by Schiebe ® and by Platt, Rusoff and Elevens * 
by slowly dripping the liquid between the parallel quartz windows of the lamp 
and the spectrograph. 

Spectrograms were read on a photoelectric densitometer and approximate 
extinction coefficients calculated from comparisons of the photographic densities 
of the spectrograms formed by beams transmitted through the solvent and the 
solution for various time intervals. For infra-red correlations a Perkin-Elmer 
type 12C single-beam infra-red spectrophotometer with calcium fluoride prism 
and cells was employed. The pH of the amide solutions was measured with a 
Leeds and Nortlirup Universal pH potentiometer assembly. 

The chemicals employed were with only a few exceptions White Label grade 
Eastman Kodak Company products. All amides were recrystallized to a 
constant melting point from appropriate solvents. The spectra of most amidc.s 
were studied as solutions in redistilled water and alcohol; some were studied 
as ether or chloroform solutions and a few as dried crystalline depositions from 
methanol on quartz plates. The alcohols were redistilled to constant boiling 
point, usually through three distillations, discarding all but the middle portion 
in each distillation. Spectra of the final distillates were taken promptly, a few 
being repeated after an eight-week period. The alcohol spectra reported are 
of wo-octane t solutions. In the vacuum region |>ure liquids were employed 
as well as fso-octane solutions. The purity of the distillates was tested chemic¬ 
ally by the bromine water reaction and spectroscopically through a study of 
their infra-red spectra, comparisons being made with standard spectra.^* 
Neither the typical 0 =^ band group in the 2000-1800 cm,-' region nor the 
strong single band at 1600 cm.-' could be detected. Since the infra-red spectrum 
is a sensitive method for detection of components it is believed that the re¬ 
distilled alcohols are essentially free of unsaturated impurities and that specific 
absorption in the ultra-violet region is characteristic of the alcohols and not of 
impurities. 

In addition to the amides and alcohols, thin films of Nylon § formed from 
hexamethylenc adipamide and hexamoth;jrlcuo sebacamido and sdcobol-water 
solutions of Nylon OB crystals wore examined, also water solutions of gelatin 
at various pH values before and after irradiation, and solutions of protein zein 
in 80 and 95 % EtOH-fHaO solutions. The 95 % EtOH zein solutions were 
denatured by the high alcohol content, the resulting mucilaginous mass filtered, 
and the density of filtered liquid determined to estimate the % concentration. 

Since in the prclinxinary studies it was observed that the character of the 
spectrum of a given amide solution appeared to be a function of its age and the 
temperature, exhibiting two types as shown graphically for acetamide and pro- 
pionamide in Fig. i, water solutions were studied before and after the following 
neat treatment. The solutions were heated for one, two or three hours on a 
steam bath, then divided into two portions, one of which was cooled slowly to 

* Loaned by Harvard University to Smith College through the courtesy 
of Prof. Theodore W. Lyman. 

” AUen, /. Opt. Soc. Amer., 1941, 31, 2O8. 

t Suggestion ^ven privately by John Loofbourow. 

t Spectroscopic grade ise-octane from the Phillips Petroleum Company. 

Amer. Petroleum Res. Proj. 44 (Nat. Bur. Stand., Washington), Charts 

425-437: 745-758. 

§ The Nylons were furnished by the du Pont de Nemours Experimental 
Station. The gelatin and zein were Harris laboratories products. The zein 
was certified as of very high purity. 

Anslow and Shea, P^sic, Rev,, 1949, 75, 1318. 
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room temperature, thus permitting normal polymerization, while the other 
was quenched by immediate immersion into an ice and salt bath. Almost 
invariably the slowly cooled sample yielded the B type of absorption curve, 
while the rapidly cooled sample yielded the type A curve. The latter type 
proved to be very stable, resisting heat treatment attempts to convert its form 
to type B. Since during heating the crystalline state must have been destroyed, 
it is probable that the quenched samples consist mainly of monomers and dimers. 



Fig. I. —^Log E log,o absorptivity. 


The significance of the various spectra obtained will bo discussed with such 
polymer t3pe considerations in mind. 

Results and Discussion 

The Amides and Related Substances.—Solutions of linear amides, 
Fig. 1-4, exhibit three definite types or spectra, all types being yielded by 
fresh solutions, as well as definite types by the heat treated specimens, 
as follows : 

Type A, in which sudden onset appears at the higher frequency with 
log€max®* These appear to result from dimer association. If the fre¬ 
quency of onset for a particular concentration is plotted. Fig. 5, upperline, 
against the inverse square root of the reduced mass the linear relation 
of eqn. (i) is obtained where vqo = 29,750 cm.**’^; * this is vqo (NH) of 
the 336mjit band system.®® The reduced mass is calculated from the 
masses of the two units adjacent to the bridge in which the photon energy 
is absorbed. If it is assumed that in most cases the amide is associated 

♦ The accuracy of results for Voo permits only four significant figures, with 
uncertainty in the last digit. 

Fowler and Gregory, Phil, Trans. A, 1919, 218, 251 ; Funke, Z. Physik, 
I 935 » 96, 787. 
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through the solvent and the mass of the solvent included in the calculation, 
excellent agreement is obtained. In some samples, indicated on the graph, 
conformity is obtained by assuming direct association. The frequency 
of onset decreases with increase in concentration, probably resulting from 
the lowering of the bond energy consequent to inter-association of dimers 
at the higher concentration. 

Type B, already ascribed to trimeric association shows general weak 
absorption in the 400-250 mfi region, followed by a gradual onset of slrongc'r 
absorption at frequencies slightly less than in type A. This lower fre¬ 
quency would be expected from triniers, for which the reduced mass is 
4/3 that of dimers, causing JD'o(NH * • * O) in trimers to be about 15 % 
less than the dimer value. The general absorption frequently shows 
specific efiects, which may result from the electronic excitation of free NH 



in the vicinity of 29,750 cm.*“\ particularly obvious in the spectrum of 
urea, Fig. 4, or of fircc NHj and C= 0 , and also of C=N and O—tJ, if 
tire amides resonate as proposed by Pauling. In the weaker solutions 
the NH absorption is evident. If vibrational dissociation occurs in the 
ground state a weak continuum is expected to start near 32,800 cm. 
corresponding to jDi'(NH) » 377 eV.*® At higher frequencies onsets 
consequent to the dissociation of the bridge of NH • • • O in the excited 
state may be observed. Many of these efiects overlap. 

Type C, a duplicate of type B between 25,000-30,000 cm.-i and of 
type A at beyond 40,000 cm.-i, with an intervening region in which negative 
density readings were obtained on the Beckman instrument. This in¬ 
dicates fluorescent efiEects, probably resulting from the formation of 
strongly associated molecules after the excitation by energies exceeding 
the electronic excitation energy of a free amide or methyl group at 

Pauling and Sherman, /, Chem, Physia, 1933, I, 60O. 

** Glockler, ibid., 1948, itf, 602. 
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29i75o cm.“i and 31,800 cm.-i, respectively, or after the rupture of a 
bridge. The energy required to effect the latter is 

•S^bridge rupture = ^*^00 “h ' * * ^)* • • * ( 4 ) 



WAVE NUMBER IN CM*' 

Fig. 3. 



WAVE NUtieER IN CM* 

Fig. 4. 


When the frequencies of the observed onsets of the discontinuities, which 
are suspected to result from bridge rupture in various solutions, are plotted 
against ft"* the lower line in Fig. 5 is obtained. 
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Type D exhibited by o-i M urea. Fig. 4. The absorption beginning 
at 39,000 cm.-i occurs at the frequency given by cqn. (4). This absorption 
band has structure with frequency difEerences similar to those in the 
0*01 M sample of urea with centre near 29,750 cm.~*. The frequency 
differences compare approximately with the stretching and bending 
vibration infra-rod frequencies of urea.^^ Those at 29,750 cm."^ may be 
ascribed to the excitation of unassociated Nil in the dilute solution and 
those at 39,000 cm.~i to the same effect accompanied by bridge rupture. 
The structure was clearest in freshly prepared samples. These showed 
onset frequencies near 43,800 cm.“^ indicating dimer association through 
water. A sample which had been dried for several weeks was transparent 
to 45,900 cm.-^, the frequency for the direct association onset. 

Crystalline specimens of urea and pelargonamide. Fig. 4, render 
type B spectra exhibiting similar free NH structure. Infra-red spectra 
of the urea sample indicated that while ageing after drying in a vacuum 
desiccator, the crystals became more associated. This ageing effect may 



Fig. 5.—Symbols on upper line indicate : X) —^urea, A—acetamide, P—^pio- 
pionamide, B—butyramide, M—malonamide, A—adipamidc, H—^liydantoin, 
Pe—^pelargonamide, A1—allantoin. Without subscript association is direct; 
with subscript i, through water ; without subscript or with subscript 2, through 

solvent. 

explain the difference found in the ultra-violet spectra of solutions made 
from aged crystals.®® 

The solvent effect on the location of the onset of the disjussociation 
continua was tested for H2O, MetOH, NaOH and CHCI3 solutions of buty¬ 
ramide, Fig. 2. Realizing that the reduced mass of units associated through 
the solvent affects the onset frequencies, reduced mass values have been 
calculated and onset frequencies estimated from the slope of the NH • • • O 
line in Fig. i. These and the observed onset frequencies arc listed in 
Table I. 

It is obvious that the very slight shifts in the onset frequencies in 
HgO, MetOH and NaOH result from the utilization of the solvent in the 
association process. The CHCls absorption does not fit these results. 
It will be correlated later in the paper with suggested CH • • • N associa¬ 
tion. 

All samples were measured for their hydrogen ion concentration. 
Irradiation had only a slight effect upon the pH, certainly not more than 
the results of standing. Heating the samples markedly increased the pH. 
No observable shift in the onset frequency for D^{NII • ‘ • O) resulted 

^ Shea and Anslow, Bull. Anier, Physic. April, 1950, 43, 
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either from irradiation or from heating. The specific absorption voo(!NH) 
was effected. 

The spectrum of Nylon 6, Fig. 6, in a very dilute alcohol water 
solution was®* of type A, indicating the dimer, i.e. the as-configuration, 

TABLE [.— Effect of Solvent on Frequency of Onset of Dissociation 

CONTINUA 


Solvent 


• • • O) 

Calc. 

Obs. 

HjO- 

0-152 

42900 cm.-^ 

42920 cm.-^ 

H,0‘ 

0-138 

41700 „ 

41700 „ 


0-130 

41020 „ 

41000 ,, 

NaOH" 

0-139 

41830 „ 

42000 „ 


a. Association directly between molecules of the solvent. 

b. Association through the solvent. 

c. Association to solvent, 

d. Association through OH of NaOH. 

type of association at this low concentration. For the films of hexa- 
methylene-adipamide and hexamethylene-sebacamide type B spectrum, 
which is typical of ^ra«5-configurations, was obtained, the cold-rolled 
sample showing some specific absorption. In the infra-red spectra the 



trans 3280 cm.-i, but not the cis 3160 cm.“i vibration frequency, is ob¬ 
served for Nylon films, agreeing with this interpretation of the ultra¬ 
violet absorption. 

Anslow, /. Opt. Soc. Amer., 1950, 40, 262. 

Thompson and Torkington, J. Chem. Soc., 1947, 1-48. 

** Darmon and Sutherland, Nature 164, 440. 
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Cyclic amides give the spectra shown in Fig. 7 and 8. The ultra¬ 
violet spectrum of glycine anhydride, the long chain dimer associated 
polymer with two free CIT2 groups in each molecule, shows structure in 




the region in which the electronic vibrational bands of CH are expected. 
The dimer character of the association is indicated by the yield of type A 
spectra at O'Oi and o*ooi M concentrations. 
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The other cvclic amides, barbituric acid, cyanuric acid and alloxan 
for stable hydrates, the first two being dihydrales and the latter a tetra- 
hydrate in water solutions. The spectra of barbituric acid and alloxan 
show no evidence of NH and NH • • • O bridges but have absorptions 
starting near 35,000 cm.“S which is the frequency of Do'(OH)*’ 4*4 eV and 

43.800 cm.-^, the dissociation energy for OH • • • O in tire excited slate. 
This spectroscopic evidence and a positive ferric test led Shea to postu¬ 
late an cnolic form for barbituric acid at alkaline pH, associated through 
the cnol hydroxyls, and with bound water chelated between the carbonyl 
and two nitrogen atoms on the opposite end of the molecules. In this 
structure there are two ** free OH groups, but no NH bond. It is 
suggested that the 35,000 cm.-^ absorption arises from jD'{OH • • • O) in 
the bound water and the 43,800 cm.”^ absorption from excited state dis¬ 
sociation of the inter-associated enolic groups. The band with maximum 
near 31,800 cm.-i probably results more from electronic excitation of 
CHa than from the twice associated C= 0 . At acid pH, i.e. in the keto 
form, the 35,000 cm.“^ band decreases in intensity, as remarked by 
Loofbourow and Stimson,** who suggested the origin as 0 =N and C=C 
groups in the tautomeric structure—^but unless these are conjugated the 
absorption should occur at considerably higher frequencies. 

Similar structures are proposed for cyanuric acid and alloxan. Fig. 7, 
to explain the absorption near 35,000 cm.”^. This appears to be character¬ 
istic of molecules containing water of hydration. Since cyanuric acid 
also shows DJ'(NH * • • O) absorption, one of its stable forms may be the 
glycine anhydride type of dimer. Both cyanuric acid and alloxan exhibit 
weak absorption in the region of 0=0 electronic excitation. The spectra 
of hydantoin and allantoin. Fig. 8, are of interest, since both exhibit the 

31.800 cm.-i voo(CH) band ; in addition to type A absorption and typos 
A and B NH • • • O excitation for hydantoin and allantoin, respectively, 
appear. 

The Alcohols.—^The spectra of iso-octane dilutions of isomeric forms of 
propyl, butyl, amyl, hexyl and 6ctyl alcohol are shown in Fig. 8-13. The 
lower frequency portions are Beckman spectrophotometer curves and 
the higher frequency portions to 53,000 cm.“^ Lyman vacuum spectrograph 
results, a region also studied by Platt et al.^ Spectra of pure liquid speci¬ 
mens, except of strongly absorbing secondary hexyl alcohols, were obtained 
in the higher frequency range. Comparison of the spectra in the latter 
range revealed that corresponding absorptions start more than 4000 cm."^ 
earlier in the normal alcohols than in their isomers. Consequently, two 
families are identified.®® 

The a family is the predominating absorption in the normal primary 
alcohols and hence is characteristic of long linear polymers. It also 
appears in tert-hntyl, a trimeric structure, and in other isomers in which 
steric hindrance does not interfere with the formation of pol5aners. There 
are two members of the family, a fairly weak Ai, difficult to identify in the 
heavier alcohols since it coincides with other absorptions, and a strong 
A 2 component. Their onsets are indicated by arrows placed on the re¬ 
spective diagrams at the frequency where the curve starts to rise. The 
identification of the onset frequency is not nearly as precise as for the 
dimer form of the amides, since absorption starts in gradually. It should 
be noted that the behaviour of w-octyl alcohol is anomalous, since its spec¬ 
trum falls in the B family. Its isomer, methyl «-hexyl alcohol, shows 
strong A as well as B absorption. 

The B family appears in the spectra of those isomers in which steric 

Gaydon, Dissociation Energies and Spectra of Diatomic Molecules (John 
Wiley Sons, Inc., New York, 1937). p. 190. 

*®Shea, M,A, Thesis (Smith College, Northampton, Mass., 1950), p. 106. 

Loofbourow and Stimson, J, Chem. Soc., 1940, 1275. 

Anslow and Hsieh, Physic, Rev,, 1950, 77, 423. 

Hoffmann, Z. physik, Chem, B, 1943, 53, 185. 
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HYDROGEN-BRIDCtED uiiues 



Fig. 9.—^In all the alcohol |studies t 50 -octane solutions are recorded except: 
liquids and (i)—MeOH solution. Pnined marking != solution at least 8 weeks 
old. (2) « spectrum taken immediately after distillation 



Fig. 10. 
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Fig. II. 



mcthyl R-a«Trt cueiwot. 
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hindrance prevents association beyond the open dimer stage. Again there 
are two components, but with normally stronger than and Bq not 
as prominent as the of its related normal alcohol. 

The frequency of onset of each obeys eqn. (i), as ilhistrated by the 
graphs in Fig. 14. ('onsequently, the origui is an electronic transition 



Fig. 13. 

leading to vibrational dissociation. It is of considerable significance that 
in the A family voo is approximately 28,000 cm.'”\ the wave number of 
the o—0 band of OH+, whereas that of the B family is approximately 
32,400 cm.-i, the o—o transition of normal OH. Thus, it is revealed 



that in linear polymers and in trimers, such as Urt.-hutyl alcohol, the 
hydro:^! bonds are ionic, the covalent character being maintained in the 
other isomers. An important consequence is that it requires less energy 
for the A f^ily than for the B family to reach the excited state in which 
dissociation occurs. 
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The A^, Bi and the A 2, lines in Fig. 14 arc respectively parallel; 
consequently the vibrational dissociation energy of the two families is 
the same. The slope of the lower line, representing dissociation of the 
bridge, is approximately half the slope of the upper line, which represents 
diswsociation of the bond and the bridge or alternatively of two bridges 
in family A . From the respective slopes, these energies expressed in wave 
numbers are calculated as functions of the reduced masses of the respective 
associated molecules. 

Do{U •. • O) ■= o-577(i\r/i)-l X TO®; Do(OH • • • O) = x to®. (4) 

Thus, approximately at least, 

Do(OH) = Do(H • • • O).(5) 

These are in accord with the first approximation value of Do given in 
eqn. (4), variations indicated by eqn. (2) being expected. 

Similar calculations from the slope of lines in the amide graph. Fig. 5, 

si'"® jDo(N • • • HO) = 0-867 {Nii.)-i X io>, . . (6) 

and consequently 

Do(NH) = Do(H • • • N) = 0-290 x 10®. . (7) 

From eqn. (4) and (5) the positions of the respective onsets in other alcohols 
may be calculated. For example, the A^ and absorption onsets pre¬ 
dicted for ethyl alcohol are at 235 and 241 m/* respectively. Both of 
these appear on spectrograms taken in this laboratory, the latter being 
recorded by Klevens and Platt.®® The A 2 and B^ onsets are predicted at 
176 and 164 m/i, where the alcohol is known to absorb. 

From eqn. (4), Do(OH) for water vapour may be calculated. This in 
wave numbers is 18,760 cm."^, or 2-33 eV, approximately, close to the 
2*4 eV value estimated by Gaydon.®^ Moreover, absorptions of un¬ 
associated OH should appear in the spectra of all open OH dimers and 
polymers. Calculations for the alcohols predict excited state dissociations 
at 51,160, and 50,920 and 50,860 cm.in the spectra of ethyl, methyl 
and propyl alcohol, respectively, and at slightly lower wave numbers for 
the heavier alcohols. This absorption in ethyl and methyl alcohol is 
well known ; it appear in the spectra of Fig. 8-13 and also in those pub¬ 
lished by Klebens et al,^^ 

Ground State Dissociation. —^Thc 34,000-37,000 cm.-i region in most 
of the alcohol spectra show various weak specific absorptions. At first 
these were suspected as indicating impurities. Further distillations did 
not eliminate the structure; attempts to correlate the maxima with 
published spectra of saturated molecules failed. Absorption in this 
region had been recorded by Henri and others. Finally, the hypothesis 
that these originate in the alcohols was accepted. Since the onsets are at 
lower frequencies than would be anticipated for the structure in the 
vo.i (OH) transition, the theory is advanced that they result from ground 
state dissociation of associated and unassociated hydroxyls. This point 
of view is supported by the existence of the strong 35,000 cm.“i onset in 
the spectra of barbituric acid and other cyclic amides containing water 
of hydration; that absorption has been ascribed to D„{OH • • • O) of 
the bound water. 

Three distmet absorptions are identified, the frequencies vary slightly 
in the different isomers, apparently decreasing with the complexity of the 
R group. The spectra of the isomers which e^diibit the A type of electronic 
excitation absorption exhibit definite onsets near 35,000 cm.-®, those 
showing the B type contain a 37,400 cm.-® onset. In many a 36,800 cm.-® 

Klevens and Platt, J. Amer, Chem. Soc., 1947, 3 <^ 55 * 

Henri and Bielecki, Compt. rend,, 193®, 1322. 
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also appears. The results of a correlation of these locations with the infra¬ 
red 3 II spectra of the respective isomers in wo-octane solutions at different 
concentrations are given in Table II. The infra-red spectra are similar 
to those of other observers.®^* ** 

Assignment of the A, Da and Dj absorptions to monomer, dimer and 
polymer dissociations is stUl tentative; tJiey may well be in this order. 
Yet it is probable that the magnitude of w, is so much lowered by ])olynier 
association that the consequtmt dissociation energy is less than that of 


TABLE II.— Correlation of 3 /Lt Tnfra-rkd Spectra with 
Ultra-violet Spectra oi^ Alcohol Isomers 



Resolution, of l.-r. 


U-v Components 


Comiwncnts 

— 


1 


IsoniPr 


.... 

350-380 X 10® cni.-i 





— 


— 

.1 01 li 


Monomer 

Associated 

Di 




w-I-^opyl 

Absent 

Unresolved 

. . 

____ 

, , 

A 

»soPropyl 

Weak 

Unresolved 

355 

— 

— 

A and H 

»-Butyl . 

Absent 

Unresolved 

352 

— 

— 

A 

Sfic.-Butyl 

Weak 

Mainly dimer 

— 

368 

380 

B 

/ar/.-Butyl 

Strong 

d and t 

348 


374 

J and B 

isoButyl . 

Weak 

Unresolved 

— 

365 

— 

? 

«-Amyl . 

Absent 

Unresolved 

340 


— 

A 

Methyl wopropyl 







caxbinol 

Absent 

Dimer 

— 

— 

375 

B 

Diethyl carbinol 

Weak 

Unresolved 

352 

— 

377 

A and B 

Dimethyl ethyl 







caxbinol 

Weak 

d and / 

— 

— 

375 

B 

isoAmyl , 

Absent 

Unresolved 

340 

— 

— 

? 

«-Hexyl . 

Present 

d and t 

352 

368 

— 

A and B 

Methyl ^butyl 







carbinol 

Weak 

Dimer 

— 

— 

378 

B 

Dimethyl »-propyl 







carbinol 

Strong 

d and t 

— 

368 

374 

B 

«-Octyl . 

Strong 

Dimer 

— 

363 

370 

B 

Methyl w-hexyl 







carbinol 

Present 

Unrt^solvod 

348 

? 

? 

A and B 


Note ,—In the tabulation for the associated components of the l.-r. OH bands, 
d and t are used to represent dimers and trimers (or polymers) respectively, 
in so far as they are resolved. Components which are very strong arc underlined. 


the monomer. Evidence for this possibility includes the appearance of 
the A absorption in the spectra of the polymeric alcohols of the A family, 
its absence in the dimeric alcohols, the B family, and its appearance in 
the spectra of hydrated cyclic amides. The component is narrow and 
is strong in the samples which clearly showed monomer components in 
their infa-red spectra. The D, component correlates with the B family 
absorption. Thus, the present evidence forces the assignments of Dj 
to the monomer, to the dimer, and to the polymer and trimer 

** Badger and Bauer, /. Chem, Physics, 1936, 7, 618. 

Fox and Martin, Proc. Boy, Soc., A, 1937, 4i9* 

Gordy and Stanford, J. Amcr, Chem, Soc., 1940, da, 1247. 
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associations. This assignment gives 104 kcal./mole, 4-56 eV, as the dis¬ 
sociation energy, Di'(OH), to be compared with the 107 kcal./mole 
value obtained by Fox and Martin*® from the infra-red data of butyl 
alcohol, and the 4*35 eV value *’ obtained from the ultra-violet spectra 
of water vapour. 

NH • • • N, OH • • • N, CH . . . N and GH • • • O Absorptions.— 

Gordy's®* infra-red investigations of solutions of the amines indicate 
complex associations through NH • • • N and OH • ■ • N bonds. To establish 
these the ultra-violet spectra of ethanolamine and hexamethylene tetra- 
mine in water, methanol, ether and chloroform solvents were studied 
and are shown in Fig. 8. The methanol solution of ethanolamine proved 
to be of type A and the others of t3rpe B. The predicted and observed 
values for NH • • • N and OH • • • N absorptions are given in Table III. 
Also included is a suggested assignment for CH--*N absorption with 
association between the solute and chloroform. 

The data indicate that in methanol solutions ethanolamine is intra- 
associated through NH • * • N bridges. This would result if polymers are 
formed between monomers at right-angles to each other. Probably the 
37,000 cm.-i absorption results from the transition v..(OH) + (H-..N). 
In water solutions the hydroxyl groups appear to be associated through 
the solvent. OH • • * N association in hexamethylene tetramine through 

TABLE in. —^Absorption Onsets in Ethanolamine 





*'00, ! 
cm.-* 

MH — N) 
cm.“^ 

i'oo + WH***Y) 


Bond 

Solvent 



Obs. 

cnu-i 

Calc. 

tm.—l 

Obs. 

cm.-i 

NH* --N 
OH • • • N 
0H***0 

CH • • • N 

CH 3 OH 

CHsOH 

HaO 

CHCla 

o*r83v 
0*2I8v’ V 
0-I59V 
0-I5IV 

29800 

32400 

32400 

31800 

3740 

4500 

9250 

4360 

33500 

36900 

41650 

35860 

33800 

37000 

41000 

37280 

41500 

50900 

37000 

38000 


Note, — a, b, c are the types defined in Table I. v, (H • • • N) was calculated 
from eqn. (7). 


the solvent appears as a type B spectrum in water solution, with a predicted 
association frequency of 41,200 cm.-^. 

If the CH"*N assignment for the absorption in ethanolamine is 
tenable, other absorptions in chloroform may lie between the solvent and 
the solute. To test this assumption a frequency against reduced mass 
graph has been plotted for the onsets of ethanolamine, hexamethylene 
tetramine and butyramide in CHCl,. Since the ordinate, line (2), Fig. 15, 
is approximately 31,800 cm-\ the 2?r 2jS CH transition,** it is believ^ 
that the CH • • • N association exists. If in ether the solvent forms 
CH • • - N bridges between two hexamethylene molecules, the onset at 
36,200 cm.“i is predicted for CH • • • N. 

CH • • • O absorption must be very strong in the alcohols. If values 
of (H • • • N) and (H • • - O) are calculated from eqn. (4) and (7) for specific 
values of fi-i and their difEerence added to the slope of the CH • • • N 
line in Fig. 15, a predicted CH • • • O line, (3), with electronic origin at 
31,800 cm.“i is obtained. When this is correlated with the reduced masses 
of the alcohols studied it is obvious that some of the absorption onsets 
near 40,000 cm.“i must have CH • • • O onsets. Similar absorption with 

^ Herzberg, Spectra of Diatomic Molecules (D. Van Nostrand Co. Inc., New 
York, 2nd edn., 1950), p. 560. 

** Gordy, /. Amer. Chem, Soc., 1938, 60, 605. 

*»Gero, Z. Physik, 1941, 118, 27. 
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electronic centres at 23,170 and 25,710 cm.-^ would give rise to the common 
absorption onsets in the alcohols near 31,000 cm.-* identilit^d in spectra of 
butyl, amyl, hexyl and octyl alcohols, as recorded in the lino of Fig. 15. 
These absorptions frequently disappear in dilute solutions. 

Application to Puotkin Splctka. The ])receding results are applied 
in the analysis of the spectra of two proteins, witli emphasis on the 
characteristic protein band at 280 in/x and on the continuum which 
appears near 2/\o m/t, the region of excited state Nil • ■ • () and Oil • • • () 
continua. Previous studies establislu'd that the 280111^4 absorption is 
not entirely the resultant of tryptophane and tyrosine excitations, for it 
appears in gelatin which lacks these acids. In the previous study this 
was ascribed to the protein skeleton, in particular to the peptide linkage, 
but since this band docs not appear in linear amides, it must have an origin 
other than the peptide. 

In this application the spectra of zein and gelatin arc compared, 
selected because of the differences in their amino acid constituents. 
Zein is poor in basic arginine, histidme and lysine, but rich in glutamic 



Fig. 15. —Line (i) : B —butyl; A—amyl; II—^liexyl; O—octyl alcohols. 
Line (2) : E—ethanolamine ; 13 —butyiamidc ; 11 —hexaniethylene totramine. 


acid and leucine. Gelatin is rich in these basic constituents, which through 
participation in inter-associations between the protein units of the large 
molecule render the dimer (A) type of Nll -**0 continua. Iliesc will 
not appear in the zein .spectrum, except for a weak arginine component. 
If the protein skeleton is a polypeptide, the polymer (£) typo of Nil»• • O 
continua should be recognized with onsets in the 37,500-42,000 cm.”^ 
region. 

The high percentage of glutamic acid and other acid residues in zein, 
must produce OH • • * O continua of the dimer type, resulting from inter- 
associations. Also, if the protein skeleton is similar to the Wrinch cyclol 
pattern,** strong OH • • * O or OH+ • • • O continua of the trimor type should 
be recognized. 

Spectra of zein at various concentrations are reproduced in Fig. 16. 
Successive dilutions were studied until changes in spectral type indicated 
the loss of inter-associations, permitting the spectrum to register more 

*® Anslow and Nassar, /. Opt Chew. Soc., 1938, do, 605. 

*^ Cohn and Edsall, Proteins^ Amino Acids and Peptides (Reinhold Publishing 
Corp., New York, 1943), p. 258. 

** Wrinch, Pfoc. Roy. Soc. A, 1937, >60, 59; Trans. Faraday Soc., 1937, 33 » 
1368 ; Phil. Mag., 1941, 31, 177 and other papers. 
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clearly the associations of the fabric itself. To determine the specific 
origins, keys have been added in light lines on the diagram, to indicate 
predicted onset frequencies, the solid lines representing the more abundant 
residues which may be active in the particular absorption. These fre¬ 
quencies are calculated for various pairs of the amino acid residues in¬ 
volved. 

At the 0*1 % concentration very little difference appears between the 
80 % and 95 % alcohol solutions. In botli a sharp on.set near 34,200 cm.-* 
is specific. But at 0*03 % concentration spectral changes are registered. 
The 80 % alcohol solution is transparent to 34,500 cm.-^ CH • • • O 
associations must have been ruptured through dilution. The spectrum 
of the 95 % solution indicates the rupture of CH • • • N bands, with 
CH • • • O (vqo = 21,300 cm.-i) absorption setting in after 30,000 cm.“^ 

Particularly striking is the 
well in the lower concentration 
pectra between 36,000 and 
41,000 cm.“^, beyond which the 
CH • • • O (voo = 31.800 cm.-i) 
continua are initiated. It is 
clearly the efiect of broken inter¬ 
associations between the protein 
units of the S3nithesized mole¬ 
cule, consequent to dilution. A 
spectrum taken of the same 
sample, with a dry ice blanket 
around the cell contamer, yielded 
spectrum (3) which shows the 
inter-associations unbroken. In 
a search for its source a very 
dilute, 0*003 % concentration, 

95 % solution, probably under¬ 
going denaturation. was run 
through and proved to be un¬ 
stable at 34,200 and 36,800 
cm.“^ the polymer and monomer 
ground level dissociation onsets. 

Thus, the origin of the absent 
absorption seems to be the 
polymer band, resulting either 
from direct inter-association be¬ 
tween acid residues or more 
probably from the bound water. 

In the absence of this band the 
tyrosine and phenyl alanine elec¬ 
tronic band structures appear. 

In the zein spectrum no polymer {B) type of NH • • • O excitation 
can be located, but the correlation for the A ^ (OH+ • • * O) origin is 
surprising. This implies a fabric with ionic OH trimers as a principal 
building block. The Pa (OH - • • O), absorption seems to start near 
45,000 cm.-i. 

Finally, the gelatin results appear in Fig. 17. Considerable A type 
NH • • • O absorption seated in the basic residue appears to level out the 
38,000 cm.“i region. In alkaline solutions both the specific absorption 
and the continuum are shifted more than 2000 cm.-i. Such a large shift 
is not characteristic of NH • • • O absorption, but is typical of CH • • - N 
continua in carboxylic acids.*® Also recorded are the effects of dilution 
and irradiation, both of which weaken CH • • • N associations and lead 
to the yoo(CH) structure in this protein spectrum. 



Fig. 16.- 


-(i) Spectra of 80 % EtOH-HjO 
solutions. 


EtOH-HaO solutions. 


Anslow, Foster and Klingler, J. Biol, Chem., 1933, 103, 81-92. 






3 i 8 hydrogen-bridged AMIDES 

Summary.—Comparative studies of the ultra-violet spectra of hydrogen- 
bridged amides and alcohols appear to have established the existence of : 

{a) NH • • • O, OH* • • O and OH»• • • O electronic excitation continua 
with vibrational dissociation in the upper state, their locations and 
character being distinctive of the polymer type. Equations for the 
frequency of onset, i.e. approximate of corresponding dissociation energies, 
have been established. Some absorptions appear to indicate bridge rupture, 
but the strongest absorption results from dissociation of the lx)nd as well, 

(b) OH • • • N, NH • • • N, CH • • • N and CH * • • O absorptions have been 
recognized. 

(c) Ground state dissociation of alcohols and of bound water in amides 
has been identified. The monomer, dimer, and polymer components are 
discussed. 



Fig. 17.—(i) Solution near isoelectric point. 

(2) Same solution irradiated 3 hours with 2S0 m/i source ; 

(i)' Solution in o*i N NaOH. 

(3) Effect of dilution. 

(d) These absorptions have been identified in the protein spectra, 
The 280 miA absorption may be ground level disociation of the OH • • • O. 
pol3mier. The strongest component of the 2^0 mfi continuum appears 
to be an OH+ • • • O excited state dissociation. CH • • • N and CH • • - O 
components of the general absorptions appear. 

The author acknowledges with deep appreciation the considerable 
contributions made to these studies by Hsi-teh Hsieh and Ruth C. Shea, 
and the assistance of Joan Mencher Frosch, Ann Fairley Schabas and 
H^en Hagelbarger. The investigations were supported by the Office of 
Naval Research, U.S. Navy, and the Research Corporation. 


Department of Physics, 
Smith College, 

Northampton, Metssachusetts, 




GENERAL DISCUSSION 


319 


GENERAL DISCUSSION 

Dr. P. Torkington {B. Rayon Res. Assoc.) {communicated) : It seems to 
be implied in the paper of Thompson, Nicholson and Short that the 
evidence for the O—bending frequency having a value in the range 
1000 to 1200 cm.”i comes from the observation that substitution in the 
sugars leads to the disappearance of bands in this region and the appear¬ 
ance of new ones. Surely in the system C—O—R, (R = alkyl (or any 
other substituent, even deuterium according to Dr. Shull)), the inter¬ 
actions between G—O and O—R stretching would lead to a fundamentally 
different type of absorption than in C—OH. The bands which disappear 
when sugars are substituted would be thought to be C—O stretching 
modes. Comparison of the spectra of the allyl halides with allyl alcohol 
(which spectra were studied by Dr. Thompson and myself some years 
ago), suggests that Sqh ^®re had a frequency of 1300 or 1340 cm.^\ 

The bands in diglycine mentioned as being anomalous seem most 
likely to be due to perturbed C==50 stretching and N—bending, in the 
cyclic structure, stabilized by hydrogen bonding, which would seem the 
most probable configuration. (Diglycine would presumably precede 
diketopiperazine; the latter is formed along with polyglycine when 
glycine is heated in a sealed tube. This confirms the cyclic structure 
for diglycine). 

Prof. G; B. B. M. Sutherland {Michigan) said: In connection with 
the spectra of the amino acids reported by Thompson, Nicholson and 
Short, Dr. S. E. Darmon and myself have a large collection of spectra 
of amino acids obtained at Cambridge during the past few years which we 
hope to publish in the near future. It is clear from these spectra that 
not only are the various amino acids easily distinguishable from one 
another spectroscopically but that in the solid state, the infra-red spectrum 
of either of the optically active forms (d or l) differs from that of the 
racemate (dl), a fact first noticed for cystine by Wright. ^ This distinction 
is most important if infra-red methods are being used for the analysis of 
mixtures of amino acids, e.g. in the estimation of the ratio of leucine to 
tsoleucine in protein hydrolysates.* 

In connection with the spectra of the sugars, I might mention Dr. 
D. A. Ramsay and I have a collection of such spectra which will be pub¬ 
lished shortly with a discussion of their interpretation. The reason for 
mentioning them now is that we have some indication that it may be possible 
from infra-red observations to say whether a glucoside is in the d or l 
configuration. The n and l forms give distinctly different spectra in 
all cases but for the glucosides the d forms contain certain bands which 
are consistently absent from the l forms. It would be interesting to know 
whether any other workers with the sugars have found evidence of a similar 
empirical correlation. 

Dr. H. Lenormant {Paris) {communicated) : In the papers of Thompson, 
Nicholson and Short, on the one hand, and Sutherland on the other hand, 
an interpretation of the 1560 cm."*^ "tend is given, which requires some 
comments. This interpretation in which this band is identified with a 
S(N—^H) is based on various arguments of unequal value ; this we have 
discussed in a previous paper.* The most important of these is the be¬ 
haviour of this bond when the spectrum is obtained with polarized inixa- 
red radiations. 

There are, however, important objections to this interpretation : 

(i) $(N— U) is usually very weak in secondary amines and so are 
S(N—^H,) or 8(N—^H,)+, while the 1560 cm.“i bond of monosubstituted 
amides is generally strong. 

1 Wri^t, /. Biol. Ghent., 1937. ^ 4 }* 

* Darmon, Sutherland and Tnstam, Biochem. 1948, 42, 508. 

* lenormant. Thesis (1949). 
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(li) If the band obscrv^ed is really S(N—H), it is abiionnal in that this 
bond is missing in cyclopcpLidcs and lactamos/ 

(iii) The vibration at the origin of the 1560 cm.-^ absorption is inactive 
in the Raman spectrum, but there is no reason to suppose' that this is 
the case for a S(N—H) vibration. 

(iv) The deutoration of monobiibstituted Nil grouping effects a rela¬ 
tively weak frequency variation (75600311.’^ to 1480 cm.whereas one 
could reasonably expect a much lower frt‘qiu‘ncy (about t 190 cm.“i) if 
a(N—D) is concerned. 

In fact, the problem seems to bo very complex, the study of a great 
number cf amides, peptides and polyamides, showing tliat the' intensity 
ratio of 1560 cm.~^ and 1650 cm.bands is variable. For instance for 
JV-ethyl benzamide, the 1560 cm.band has a high intensity while the 
1650 cm.-'i band is weak. It is possible to vary the relative intensity of 
these bands : alkalinity increases the 1650 band and this is particularly 
evident with cyclopcptidcs. Under usual conditions these compounds 
do not show bands in that region but after being placed in N/10 NaOH 
a strong absorption appears at about 1560 cm.“^. Simultaneously the 
normal band is much reduced in intensity. A similar jihcmomenon is 
seen with bivalent mctals.*» ® We have suggested that the 1560 cm.~^ 
band is due to a second molecular form. A first form would be responsible 
for the 1650 cm.-^ band, the second one being very likely in a much more 
accentuated mesomcric state. The 1560 cm.frequency is i)ossibly due 

to a vibration affecting all angular groupings of the type OCN. The 
assumption of two forms is in agreement with the existence of two bonds 
in the 3300 cm.”'*- region, a fact which has been pointed out by many 
authors. 

Prof. G. B. B. M. Sutherland (Michigan) said : The paper of Cross, 
Richards and Willis is of considerable interest in ct)miection with the 
assignment of the internal CH3 deformation frequencies in hydrocarbons 
since it contains independent evidence through careful quantitative work 
that there is a CH3 deformation frequency at 890 cm.-^. I should like 
to ask the authors whether they had any evidence other than that men¬ 
tioned in their paper for that assignment. 

Secondly, their observation that whenever an OH st retelling frequency 
was picked up, this was always in a position which indicated that the 
OH group was hydrogen bonded reminds me of a similar (unpublished) 
observation made by Dr. A. J. Harding and myself in the infra-red spectra 
of oxidized rubber. This must mean that th<5 oxygen molecule is in¬ 
corporated into the hydrocarbon chain in each case in such a way that a 
hydrogen bond is formed between each of the two oxyg<‘n atoms. 1 
should be interested to know whether they have any views on the con¬ 
figuration giving rise to this internal hydrogen bond. 

Dr. G. J. Minkoft (Imperial College, London) said: Cross, Richards 
and Willis report that they were unable to observe any intense lines 
characteristic of the peroxide groups in those peroxides whose absorption 
spectra they have studied; we have received similar information from 
some other workers. We think it may therefore be of interest to consider 
the results being obtained in a study of the infra-red absorption of organic 
peroxides now in progress at Imperial College (during the course of our 
studies of combustion). So far, we have been concerned with the follow¬ 
ing molecules ; CHbOjH, CjHfiOaH, fet'/.-BuOaH; (CaH5)a0a, f^ri.-BuaOa; 
CH,CO . OaH, CaHaCO . OaH, CaH.CO . OaH ; (CH3CO .)aOa, 

{CixHaaCO .)aOa ; CaH,(OH)OaH, (CaH4(OH))aOa, (CHa(OH))aOa ; 
several more remain to be prepared. In general, a line of weak to moder¬ 
ate intensity heis been observed at 830-890 cm.~i. Now, it is Imown with 

* Lenormant, BM. Soc. Chim,, 1948, 15, 33. 

‘ Lenormant and Chouteau, /. PhysiologU, 1949, 41, 203A 
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certainty * that in the infra-red and Raman spectra of HjOa aiid DaOa, 
a weak line at 877 cm."^ is characteristic of the O—O stretching frequency. 
Nevertheless, we cannot proceed immediately to ascribe the 830-890 cm.“^ 
lines of the organic peroxides to this vibration, since a number of lines 
exist in this region of the spectra of several molecules. For example, 
Cross, Richards and Willis ’ show that at 880-890 cm.“^ there appear 
frequencies associated both with CHg* and with unsaturation in poly- 
thenes. It has also been shown ® that the line at ca, 840 cm.”^ is a C— 
out-of-planc frequency. Sheppard, too, reports ® that lines character¬ 
istic of the wagging CH3 appear at 880 cm.“^ in isopropyl halides and 
mercaptan, and at 810 cm.~i in the corresponding te^'^.-butyl compounds. 
We have attempted to support our tentative assignment by comparing 
the spectra of the molecules R . OO . R' with those of the corresponding 
molecules R. O . R'; however, this method is not entirely sound, as is 
shown, for example, by the observation 1* that in Sheppard's 

line at 810 cm.-^ disappears, and the nearest lines are now at ca, 750 and 
880 cm.-^. A better method is probably to compare the spectra of 
R . OO . R' with those of R . SS . R', employing the data of Thompson 
and of Sheppard; so far, this has been done only with the diethyl 
compounds, with results apparently supporting our assignment. 

To sum up, we would (provisionally) suggest that the O—O group has 
a characteristic frequency in the region 830-890 cm.~^; that it is not 
strong; and that in large molecules, it may be hidden by, or confused 
with, several skeletal frequencies of comparable intensities. Furthermore, 
we should stress that owing to the great difficulties, jBrst of purifying the 
peroxides, and then of keeping them from decomposing to some extent, 
Uttle reliance can be placed, in general, on the spectra of the smaller 
peroxides unless these have been freshly prepared and purified. 

Mr. H. A. Willis {Welwyn) said : In reply to Dr. Sutherland, our 
assignment of the absorption band at approximately 890 cm.-^ in the 
infra-red spectra of hydrocarbons and polythene to the methyl group 
is based on intensity measurements. In Fig. i of our paper we have plotted 
the extinction coefficient of this absorption band, as measured on a series 
of pure hydrocarbons, against methyl group content and it is seen that 
the relationship is approximately linear, as is the case with the 1378 cm.“^ 
absoiption band. 

In reply to Dr. Sutherland's second question, concerning the presence 
of associated hydroxyl groups in oxidized polythene, we would suggest 
that this is due to the fact that the carbon atom adjacent to a carbonyl 
group may be a centre of attack by oxygen, with the result that hydroxyl 
groups would be formed adjacent to carbonyl groups : 

H 

O I 

—CH^—C—CH.—CH,— -> —CH.—C—C—CH,— 

(H 0 OlH 

The hydroxyl groups, although in very small concentration, would thus 
always be associated with adjacent carbonyl groups, 

• Taylor, J. Chem. PJyysics^ 1950, 18, 898. Giguere, J, Chem. Physics, 1950, 
18, 88. Bailey and Gordon, Trans. Faraday Soc., 1938, 34, 1133. Simon and 
Feher, Z. Elektrochem., 1935, 41, 291. 

’ Cross. Richards and Willis, this Discussion. William.^ and Dale, J. Appl. 
Physics, 1944, 15, 585. 

8 Williams, Rev. Sci. Instr., 1948, 19, 143. Sheppard and Sutherland, Proc. 
Roy. Soc. A, 1949* 19 ^$ I95- 

® Sheppard, Trans. Faraday Soc., 1950, 46, 527, 533. 

Raley, Rust and Vaughan, J. Amer. Chem. Soc., 1948, 70, 1337. Ahles 
(private communication). 

Trotter and Thompson, J. Chem. Soc., 1946, 481. 

Sheppard, Trans. Faraday Soc., 1950, 46, 429. 
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In reply to Dr. Miukoli’b remarks on a chiiraolei islit' frequency between 
800 and 900 cm.-i for the ])eroMd<' or hy(lroiK‘roxi(l<‘ f^ioup we have n(‘ver 
detected an additional a])sorj)tioii band in this u*gi<m in oxidized poly¬ 
thene. It would be intercsliuf? if Dr. MinkotL c(mkl j;ive us an ap¬ 
proximate value for lht‘ molar extinct ion rindficitMit for th<‘ band due to 
the peroxide gi'oup, wdiich would give us some indication of th(‘ nnniinuin 
concentration of pcToxide which could be dedected. 

Dr. N. Sheppard {Cambridge) said: The question raised by Cross, 
Richards and Willis with reference to the i)ossibility of detecting peroxide 
and hydroperoxide groups by infra-red spectroscopic methods is one of 
great practical importance. Many a])plicalions could be macks in oxida¬ 
tion studies of any correlations that proved to be of use for identifying 
these groups. From the theoretical point of view, however, it secerns un¬ 
likely that such correlations will be easy to find at least lor the di- 
substituted peroxides of the type R— 0 — 0 —R' where R and R' are 
hydrocarbon groupings. For example, the relatively symmetrical sur¬ 
roundings of the 0 —O linkage are such that the vibration of the O—O 
linkage itself will not be associated with a very great change in dipole 
moment and accordingly the corresponding frequency will be (‘xpected to 
be weak in the infra-red. Furthermore, since the oxygen atoms are of 
similar masses to the neighbouring skeletal carbon atoms, and since the 
0 —O linkage probably has a force constant of similar magnitude to those 
of the neighbouring C—O and C—C linkjiges, it would not bc^ expected 
that the 0—0 linkage would have a very eharaci eristic', frecpicncy. 
Instead, the vibrations ot this boaid will coa‘itril)iit(‘ one more to llu‘ several 
skeletal frequencies of the molecule, which are very seiisilivci to tbcj overall 
structure. 

The example of the hydroperoxide group is to some c‘xtcnt a different 
case as the O—O linkage has in this case a mc^re iinsymmetrical sub¬ 
stitution pattern and also the c/\o group is an end group of the 
molecule. The fact that the O—O stretching vibration will contribute to 
the skeletal modes of the overall molecule will once again make any 

characteristic '' frequency somewhat variable in position. However, if 
as has been done for the alcohols,^® separate correlations arc made for a 
sufficient number of different types of hydrocarbon substituents of Ihc 
O—O linkage (primary, secondary, tertiary alkyl groups, aromatic groui)s, 
etc.) it might be possible to draw up worldng correlation rules, although 
this will involve the investigation of the spectra of a wide range' of pure 
compounds. In comiectioii with thi.s cxjxsctation fuid iJie results reported 
by Dr. MinkolT in this discussion it is of inleresl to iiole that Whitcomb, 
Moorhead, and Sharps*of the Kansas Slater College have also iuvc'sligated 
the spectra of a limited number of pure hydropcroxid(*s anil find a con¬ 
sistent absorption band between 11*5 jinil 12*1 [i, 'Phe same authors 
also found frequencies characteristic of the Oil linkage in hydroperoxides 
near 2*95 and 7-3 pt, but since alcohols and other hydroxy coiuj^ounds 
have absorption bands near these positions they are likely to 1x5 of less 
use for the identification of the OOH group. It should bo noted, however, 
in agreement with the comments by Cross, Richards and Willis, that the 
extinction coefficients of the ca, 12 ft absorption bands arc considerably 
less than those found with skeletal O—H and C =0 stretching modes, 
and the degree of usefulness of the correlation for the investigation of 
oxidation studies will be correspondingly less. 

Dr. J. G. Reynolds {Thornton Res., Chester) said: M. Cross's determina- 

Lecomte, in Traitd de Chlmie Organiqw by Grignard and Baud (Masson, 
Paris, 1936, 2, 143). 

“ S. E. Whitcomb, A. D. Moorhead and D. B. Sharp, data presented at the 
Swnposiwn on Molectdar Siritcture and Spectroscopy (Ohio State University, 
IJ.S.A.), June 1950, 

Sutherland, this Discussion. 
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tion of unsaturation is interesting to people like myself who arc engaged 
on similar analyses. Using a Grubb Parsons S3 instrument, my molar 
extinction coefficients are 150 for RCIT=^CH2 at 908 em."S 130 for tram 
RCH=CHR' at 964 cm.“i‘aiid 168 ior RR'C^CH, at 888 cm.-i. The 
calibration standards used arc w-octene, ^/-decene, ;/-dodeccno, and 
w-pcntadecenc for analyses in tlie Cg—Cig range. I'hese figures are 
considerably higher than the author's which move me to ask: 

(fl) Were the coclTicients quoted obtained by the author on high molec¬ 
ular weight olefins or arc they those of Anderson and Seyfried ? 

(6) If the former, what calibration standards were used ? 

(c) If the latter, is he justified in using such coeficients for high molec¬ 
ular weight olefin samples ? 

Another point which I should like Mr. Cross to clear up is whether he 
considered the possibility of the bands at 1720 cm.“i being due to esters, 
especially as the presence of carboxylic acids has been considered and 
there is no evidence for free hydroxyl groups. Inspection of some ester 
and ketone spectra does not show any characteristic bands by which 
esters and ketones might be easily differentiated. 

Mr. L. N. Gross (I.C.L Alkali Div.t Nantwich) {communicated ): In 
reply to Dr. Reynolds our paper admits that the molar extinction co¬ 
efficients, based on the work of Anderson and Seyfried, may not be valid 
for high molecular weight materials, particularly when these arc solid, 
and we have emphasized in the work on methyl group concentration 
that molar coefficients are not necessarily transferable from instrument 
to instrument. However, we obtained an apparent correspondence be¬ 
tween total unsaturation as measured chemically and by infra-red for a 
wide range of polymers in which the relative proportions of the different 
types of double bonds varied considerably. Wc appreciated that this 
agreement might be somewhat fortuitous and indicated in the paper the 
possibility that some RR' = CR"R"' groups might also be present. 

The possibility that 1720 cm."^ band arises from esters has been con¬ 
sidered. Unfortunately no C—O absorptions arc found and these might 
be expected to be strong if esters are present. 

Dr, D. C. McKean (Oxford) (communicated) : In connection with the 
oxidation discovered in samples of polyethylene by Cross, Richards and 
Willis, I should like to mention that a recent infra-red study of the series 
of nine «-octadecynes, seems to reveal the occurrence of two types of 
oxidation product. One may be an a-acctylenic ketone and the other an 
a-diketone, monoketone or aldehyde, or a mixture of these. 

In certain of the samples supplied, strong absorption bands were found 
at 1720 cm.-i and 1680 cm.“i, the latter being usually but not always 
stronger than the former. Associated with these two bands there were 
two weaker ones near 3440 cm.-^ and ii7ocm.’-i. The intensities of 
the bands at 3440, 1170 cm.*"^ usually ran parallel to that of the band 
at 1680 cm.“^ but not to that at 1720 cm.-K 

Another feature of the spectra was the appearance in those compounds 
with the C^C band in the 3, 4, 5, 6, 7 and 8 positions of a moderately 
strong band near 2223 cm.”^, the intensity of which was paralleled by 
that of the band at 1680 cm.-^ but not by that of the band at 1720 cm.“^ 
The band near 2223 cm.-^ could only have been due to a C^C stretching 
vibration. However, a strong band in this region was not found in the 
repurified, unoxidized samples, except with i-octadecyne. Rresumably 
this arises because it is only with i-octadecyne that the C=C group is 
sufficiently unsymmetrical (HC=C . R) to give rise to a significant change 
of dipole moment during stretching. Thus the origin of the band at 
2223 cm.-^ in the oxidized samples must have been due to some acetylenic 
chain in which the C=C lies in an unsymmetrical environment, such as 

“ f, Chem. Soc., 1945, 640. 
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R—C^C—CO—R'. Conjugation of this kind would lead to the lowering 
of the carbonyl group frequency observed near i6Ro cm. 

This conclusion is confirmed by Raman data on 6-dodecyne, with which 
Murray and Cleveland isolatt‘d an oxidation product and idenlitied it 
as 6-dodecyne-5-one. The latter has an intense Ram<in displacement at 
about 1680 cm.“^. 

The band at 1720 cm." ^ mentioned alxive can be ascribed to an alde¬ 
hyde, ketone or a-diketone, for no conjugation occurs between tontigiious 
carbonyl groups. It is there foie impossible to decide whether tlie oxida¬ 
tion sequence usually suggested for acetylenes is occniring, namely : 

R—C=C—R' (peroxides) -»• R . CO . . R' -> aldehydes, acids. 

The peroxide first formed can react to fonn an a-diketono, or by inter¬ 
action with a molecule of octadccyne to form an acetylenic ketone. In 
the latter case, the alcohol R. C=C—CH(OH)R' might be an inter¬ 
mediate, and in that case the bands seen near 1170 cm.“i and 3440 cm.*“i 
might be interpreted as being due respectively to bending and stretching 
vibrations of the hydroxyl group. The alternative is to ascribe them to 
the presence of a carboxylic acid. 

Prof. G. B« B; Mi Sutherland {Michigan) said: I should like to ask 
Dr. Elliott and Dr. Ambrose in coimection with their statement that 
there are no N—groups in the polymer which cannot be satisfied by 
hydrogen bonding within the molecule what the (\ssential evidence is, 
since some of it is unpublished. If this evidence comes solely from work 
in solution it would seem rather dangeious to draw conclusions about 
hydrogen bonding in the solid state Irom observations on spectra with 
the polymer in the liquid state. 

Dr. A. Elliott and Mr. E. J. Ambrose {Maidenhead) {communicated ): 
In reply to Prof. Sutherland, we have measured the infra-red spectrum 
of a dilute solution in chloroform of poly-y-benzyl-L-glutamate, the syn¬ 
thetic pol3rpeptide described in our paper which shows the unusual sell- 
orienting properties. There is no indication of an absorption band at 
3450 cm.-^ which would correspond to unbonded N—groups. But a 
solution of poly-carbo-benzoxy-cZMysine, which has N—^II and C=0 
groups both in the mam chain and side chains, shows the unbonded 
N—bond at 3450 cm.-^ indicating that the polypeptide chains arc 
effectively isolated from each other under the experimental conditions. 
These results show that the synthetic polypeptide can exist quite stably 
in a form in which all the peptide N—^H, C==0 hydrogen bonds arc satis¬ 
fied within the chain while in solution. Although it would be possible 
that there was a change over into a different kind of fold when the solution 
was concentrated and a solid film of polymer prepared, the very high 
dichroic ratios obtained in these films appear to exclude any foldt^d struc¬ 
ture in which all the NH . . , OC hydrogen bonds do not lie almost 
parallel to the chain axis, Bamford, Hanby and Happey^® have pro¬ 
duced strong evidence that all the hydrogen bonds in the folded form are 
formed witlun the chain in the solid state by experiments on the solubility 
of films of the a and J3 forms of the copolymer of DL-phenylalanine and 
DL-leucine. 

Dr. A. Elliott {Courtaulds, Maidenhead said : The weak band appear¬ 
ing at about 3060 cm.-i in proteins, polypeptides. Nylons, etc., is probably 
another manifestation of multiple peaks which we have found in the 
spectra of simple substances containing an N—. . . Os=sC hydrogen 
l^nd. For instance, a single crystal of diketopiperazine bga no less t han 
five peaks in the neighbourhood of the N—stretching frequency. 
These peaks all show the same extremely high dichroism in polarized 

” /. Amer. Ckem. Soc,, 1941, 63, 1363. 

Elliott and Ambrose, Nature^ 1950, 165, 92 r. 

“ Nature, 1950, 829. 
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radiation, and we have no doubt that they are all N—modes. Some 
kind of interaction between molecular modes and crystal lattice modes 
seems to be indicated here, and this may also be the explanation of the 
broad O—H band in, for instance, crystals of carboxylic acids. The 
weak N—band in polypeptides shows a considerable amount of structure, 
which is different m extended and in folded forms of the same polypeptide, 
and this strongly suggests a common origin for the phenomena referred 
to above. 

Dr, Mansel Davies (Aberystwyth) said : Relevant to the discussion 
of interactions in polyamides and related structures are some results 
recently obtained at Aberystwyth by Mr. H. E. Hallam. Very briefly, 
studies of acetamide in CHCI3 show it to associate principally (though not 
quite exclusively) in a monomer ^ trimer equilibrium : 

AJf =~ 3*3 kcal./molc trimer. 

This conforms to indications from the crystal structure,*® and qualitative 
evidence for the liquid showing w to be about 3*0. In acetone at the 
boiling point, however, the results conform to a monomer ^ dimer 
equilibrium. Perhaps the immediate significance of these results is that 
it is dangerous to discuss amide interactions by analogy with the carboxylic 
acids, as there are qualitative as well as quantitative differences between 
them. For acetic acid in CHCI3 the hydrogen bond energy is at least twice 
that in the amide. The smaller value in the latter may be important for 
its reversible rupture in systems of biological interest. 

Spectroscopically, acetamide shows (mostly in CHCI3) monomer 
v(N— H) frequencies at 3538 and 3420 cm.-^ the associated molecules 
providing absorptions centred at 3510, 3350, 3185 cm.*"^. The carbonyl 
absorption 1700 cm.-^) is clearly resolved into monomeric and associ¬ 
ated components separated by about 20 cm.-^ (depending on the solvent), 
the individual peaks showing the expected changes with concentration 

f 

and temperature. The band at 1600 cm.-i I 8N<f I certainly arises from 

the associated molecules. There is little change in 1380 cm.“^ (vC —^N), 
and 1120 cm.”^ {8C—^N(?)) : the other features observed, including the 
broad band at 700 cm.-i, will be discussed in a fuller account. 

Dr. S. E. Darmon (Leeds University) said ; It is evident from the spectra 
of cyclic and non-cyclic amides which Prof. Sutherland and I have ex¬ 
amined that there are more than one absorption maximum near 3/i 
associated with the hydrogen-bonded NH stretching frequency. Non- 
cyclic amides have a main peak near 3280 cm.-*' and cyclic amides near 
3175 cm.“^. In both types there is usually a weaker band near 3060 
cm.-i, the relative intensity of which is very variable. Whilst it is fairly 
certain that the 3175 cm.-^ and 3280 cm.-^ bands are to be associated with 
the CIS and trans forms respectively of the hydrogen-bonded NH group 
in CONH, our previous interpretations ** of the 3060 cm.-' band are open 
to considerable doubt. In the more recent publication we assigned the 
band to NH bonds in the cis configuration only, but later work, at Leeds 
and Michigan and by Ambrose and his co-workers,®* has indicated that other 
factors are operative. I cannot suggest a precise interpretation of the 
3060 cm.-i band but would agree with Prof. Sutherland (later paper in 
this section) that it may conceivably arise from some kind of interaction 
effect. With regard to Dr. Thomspon's remark about the narrowness 
of this band, we find that although in some spectra the 3060 cm.“^ band 
is quite narrow, this is by no means always the case. 

Dr. P. Holliday (Courtaulds Ltd,, Coventry) said : A film of Nylon 
66 about 5 microns in thickness has been heated in a cell of the Richards 

Senti and Barker, J. Amer. Chem, Soc., 1940, 62, 2008. 

*1 Astbury, Dalghesb, Darmon and Sutherland, Nature, 1948, 162, 596. 

Darmon and Sutherland, ibid,, 1949, 164, 440. 

** Elliott and Ambrose, ibid , 1950, 165, 921. 
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and Thompson type and its absoiption spectiuin in the 2-5/a region 
measured at intervals of about 50° up to 312" C. Rig. 1 shows the changes 
in absorption intensity for the CHg stretching bands, the “ 3300 ” cm.-i 
bonded NH band and the 3050 cm.“^ band of doubtful assignment. The 
3300 cm.'i band undergoes a frequency shilt at flie same time which 
roughly parallels the fall in its mtensity, as shown in Fig. 2. From the 
diagrams it is evident that the changes in intensity and frequency of 
the 3300 cm.‘i band are giadual al first, iK'comiug more' marked as the 



Fig. I —^Effect of tcinpcratuic on the intensity of 
Nylon 66 bands m the 2-5 fj. legion. 

A. “ 3300 cm.-^ bonded Nil band ; 

B. 2935 cm.“^ antisymmetrical CTfj band ; 

C. 2865 cm.“i symmetrical Cllj band ; 

D. 3050 cm band. 


temperature rises, although no break is observed as the melting point of 
Nylon (255® C) is exceeded. These changes can be simply explained on 
the basis of thermal agitation giving increased hydrogen bond distances, 
a hypothesis conhrmed by an observation of the 1540 cm.-^ NH deforma¬ 
tion and 1640 cm.”i C =0 stretching modes, which simultaneously increase 
their separation by 25-35 cm."*^. The 3050 cm.~i band behaves differ¬ 
ently, however, in that it undergoes no^ frequency shift and its intensity 
falls rapidly in a linear fashion until it finally disappears at about 312® C. 
These results indicate that the 305ocm.“i band cannot be due to any 
ordinary bonded NH vibration, since, having a lower frequency than the 
3300 cm.“^ band, the bonding would presumably Ix^ stronger and less 


Fig. 2. —^Effect of temperature on tlic 
frequency of the " 3300 ” cm.-^ band 
of Nylon 66. 



easily broken up, whereas in fact the 3050 cm.-^ band is the first to weaken. 
The band reappears when the specimen is cooled. 

A ^d of filaments of Nylon 6 has been examined with a selenium 
transmission polarizer.^® Both the 3300 cm.“*^ and 3050 cm.“^ bands are 
of the perpendicular type, but it appears that the dichroic ratio of the 

Richards and Thompson, Trans, Faraday Soc., 1045, 41,183. 
Holliday, Nature, 1949, 163, 602. 

** Elliott and Ambrose, J Opt Soc Atner., 1948, 38, 212. 
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latter is llu‘ qrodter. This implies that the vibrations giving rise to ab¬ 
sorption at 3050 cm.-’ must bo better oriented than the ordinary bonded 
Nil groups, and cannot therefore be vibrations of single molecules, but 
must be vibrations associated with regular aggregates of molecules in the 
form of crystallites which arc highly oriented along the fibre axis. 

It may be mentioned that the 3300 cm.-’- band is not simple : all the 
])olyamidcs wc have measured have shown a weak shoulder at about 
3200 cm.“i. We have verified that this is not due to water by means of 
measurements using a dried cell and specimens mounted in a stream of 
hot dry nitrogen. The shoulder probably repiesents bonded NH groups 
in the amorphous region, where a closer approach ot C =0 and NH groups 
is possible for interlocking molecules. 

Dr. H. W. Thompson [Oxford) said : In connection with work on 
polypeptides and polyamides, I should like to raise the question of the 
interpretation of the band found near 3050 cm.“’^. This band is usually 
weak, and since complete methylation of the NH groups removes it, 
must be due to a vibration of this group. It remains puzzling, since there 
is always a strong bonded NH band at higher frequencies, and I should 
like to hear the views of others present about this band. 

Prof. R. Mecke (Freiburg i. Br,) said : Concerning the splitting of 
CH-stretching vibrations, which has been often observed, I should like to 
remark that this fact is difficult to explain. For mstance, cyclohexane 
shows frequency splitting in its ground stale as well as in its overtone 
bands. The splitting of the CH bands is especially large if the mole¬ 
cule^ contains (mainly) oxygen, c.g. ethers. The long-wave component 
vanishes almost completely if HCl or HBr is added to the solvent, perhaps 
by formation of an oxonium salt (RjOHQ+Cl”, while the other band re¬ 
mains unchanged in its frequency and intensity. Freyman first 
observed these facts. Recently we started to investigate this subject 
but as yet we have no reasonable explanation. The solution of this 
problem of this frequency splitting is an urgent one because the assign¬ 
ment of frequencies is made difficult by this splitting. 

Dr. P. Torkington [B. Rayon Res. Assoc.) (communicated) : It seems 
to me that the interpretation of hydrocarbon spectra will only be finally 
satisfactory when the methyl rocking frequencies can be identified with 
certainty ; not enough is yet known about the effect of adjacent groups 
on these modes for this to be done. The relative difficulty in assigning 
them would appear to be related to their potential degeneracy—such 
terms as in-plane and out-of-plano methyl rocking must be very ap¬ 
proximate where there is any degree of internal rotation of the methyl 
group. The actual form of a particular methyl rocking mode and its 
vibration frequency will presumably be mutually dependent, except in 
systems CH3—X of symmetry Ca^, where all possible motions compounded 
of two mutually-pcrpendicular deformations have the same frequency. 
In dimcthylacctylene, the methyl rocking frequencies arc probably inde¬ 
pendent of the relafive orientation of the two methyl groups, but the 
intensity must smely depend on this factor. Wc may conclude that 
both frequency and intensity in methyl bending modes are in general 
related to the orientation of the methyl group, and hence to adjacent 
groups causing steric hindrance. It would seem more likely that the 
above order was correct, rather than that steric hindrance led directly 
to increased frequencies due to repulsion forces; though if it is finally 
proved that van der Waals* forces do contribute to any extent to the 
bending force constants, then the possibility of a direct effect must bo 
considered. In pol5^S(?butene the lowest methyl rocking mode would 
appear to be at about 1160 cm.**'; most recent evidence suggests that 
the strong band at about 1230 cm.-i is also due to some C—bending 
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mode, possibly methyl. This might suggest that restriction of rotation 
of a methyl group was associated with more difficulty in rocking. 

Prof. R; Mecke [Freiburg i. Br.) said : I call attention to an carlv 
paper of mine in which I tried to assign the fundamental frequencies 
f>f normal hydrocarbon compounds using the same formulae (2). I found 
that these fundamentals lie on two different ciirvt‘S with the limiting fre¬ 
quency Vo =- (i/stt) -- 802 and 824 cm. just if the compound 
contains an even or an odd nnmb(T of carbon atoms giving rise to a 
staggeringof the characteristic froc|iienues in the specira of ^/-paraffins. 

Dr. N. Sheppard and Dr. Delia Simpson [Cambridge) [communicated) : 
In reply to Prof. Mecke we would like to say that we were aware of his 
earlier paper and regret that we omitted to include it in the list of refer¬ 
ences relevant to our formula (i). With regard to the experimental limiting 
Raman frequencies of 802 and 824 cm.-*’ for 71-paraffins with an even and 
odd number of carbon atoms respectively we think that the more recemt 
e\idcncc from spectia in the solid state (lef. (5), (6) and (7) of our paper) 
shows clearly that these correspond to non-planar isomers. For the 
planar isomers, with which we are concerned, we find [a) no such frequency 
alternation for the lowest skeletal frequency and [h) that it is possible to 
calculate the.se frequencies with one value of f for both odd and even jmraf- 
fins with six or more atoms. 

Prof. R. Mecke [Frcihmg /. Br,) [communicated) : 1 agree with Prof. 
Sutherland m demanding more work on large molecules and the collection 
of the obtained results in a way most suitable for practical requirements. 
With respect to the latter, I refer to the figure of my paper, showing an 
absorption frequency diagram of a large number of third overtone CH 
stretching bands. Diagrams of that Idnd may be constructed for all 
kinds of bands. They make possible an interpretation of spcctroscopical 
measurements on large molecules with respect to their constitution by 
comparison only. 

Furthermore, from all diagrams that wc have compiled till now, it is 
seen that intensity measurements are indispensable, or at least of great 
importance, for constitution determinations in many cases. Sometimes 
the influence of substitution and of branching is not recognizable in the 
frequency position but in the amount of absoiption. For instance, the 
absorption area of the bands of a methyl group in the 2nd and 3rd over¬ 
tone of the CH stretching vibration is about 25 % smaller in branched 
than in normal molecules, although they an^ situated at almost the same 
frequency position. Another example is the intensity of the character¬ 
istic bands of ethers, the intensity of which is two or three tim(*s less than 
that of the CH band of the aldehyde group CHO although Wwy art' again 
in nearly the same frequency position. 

Dr. P, Torkington (B. Rayon Res. Assoc.) said: Regarding the differ¬ 
ence in solid structure of otherwise identical materials synthesized naturally 
in different environments, I would like to make the following suggesiion. 
The rate of a natural synthesis would possibly determine to a considerable 
extent the structure type of resulting solid material. Generalizing in 
order to clarify the argument (not to state a hypothesis), in the instance 
quoted substance found in organisms occurring in surface plants could 
reasonably be expected to have a more open structure if the reactions 
giving rise to it proceeded more rapidly than in organisms where a lower 
concentration of exciting energy from radiation led to less available 
thermal energy for molecular distortions during synthesis. The more 
open structure would be associated with absorbed water—^possibly trapped 
(interstitial type) water. If this sort of determinism were valid, then it 
might be possible to relate degree of order in a given region of specimen 
of, say, cellul^, with the energy available during formation of this 
region. On this view, a possible analogy for the pair cr3rstalline-amorphous 
in cellulose would be -winter-summer growth rings in trees. 

Pirof. J. A. A. Ketelaar (Amsterdam) said: It is interesting to note 
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that though the differences between the spectra of rubber and of gutta¬ 
percha at 73° C are small, the latter shows a distinct band at about 070 
cm.“i. Now in the cis-tvans isomers of unsaturated fatty acids, e.g. 
oleic and elaidic acid, the latter isomers are characterized by a band at 
about 965 cm.~i. This would thus indicate that gutta-percha has a 
trans-iorm or at least predominatingly so. The intensity of this band 
was found mdependent of the chain length in the higher fatty acids ana 
this band could be used for a quantitative determmation in mixtures of 
methyl esters of trans-iorms in mixtures containing also cis-isomers and 
the saturated acids 

The solid triglycerol-esters show also a more complicated behaviour 
which is absent in the liquid form 

Dr. G. Salomon [Delft) said: The great similarity of the spectra of 
amorphous rubber and gutta-percha is a rather serious blow to the rubber 
chemist. It was hoped that the relative amount of cis- and ^raw^-groups 
in both polymers could be estimated from infra-red data. It must be 
kept in mind that there is not the slightest experimental evidence for 
an exclusive ^m«s-structure of gutta-percha. Quite to the contrary, we 
know from (unpublished) chemical evidence that the gutta-percha hydro¬ 
carbon has a much more complicated structure. Is there any possibility 
left to estimate the cis-trans ratio with some accuracy from infra-red 
data ? Why is it that the polybutadienes give such a distinct difference 
in cis-trans and the polylsoprenes do not ? 

At the 1947 Labile Molecule Discussion, Dr. Sheppard and Dr. Suther¬ 
land made a discussion remark *0 in connection with our paper which gave 
us guidance in the work reported to-day The authors suggested also 
at that time that the irregularities in the neoprene chain might be due 
to cis-tvans isomers as indicated by infra-red analysis In view of the 
fact that Mochel and Hall»i do not consider this possibility in their recent 
paper I should be glad to learn more about the experience of Dr. Sheppard 
with this particular polymer. 

Prof. G'. B B M. Sutherland [Michigan) said: In reply to Dr Salomon’s 
questions, it is true that the differences between the spectra of rubber and 
gutta-percha are small, when both are in the amorphous form, but the 
distmetion is there and could be used, although not with the same quanti¬ 
tative accuracy as in the polybutadienes. It is not surprising that the 
cis-trans isomerism causes a smaller change in the spectra of the poly- 
isoprenes than it does in the polybutadienes. The main differences in 
the latter case arise from vibrations of the hydrogen atoms at right angles 
to the plane of the molecule and these vibrations have been shown to be 
very sensitive to the position and nature of the non-hydrogenic atoms 
directly attached to the double bond. In the case of the polyisoprencs, 
the environment of the lone CH group is not markedly different in the 
cis- and ivans forms since it has been shown that whether the substituent 
is a single methyl group or an alkyl chain, the non-planar hydrogen 
deformation frequencies change very little, if at all, in the polybuladiencs. 

Dr. N. Sheppard [Cambridge) [cofnmunicated) : I would like to reply 
to the point made by Dr, Salomon with respect to cis-tvans isomerism in 
neoprene. The two possible configurations around the double bond 
consistent with i : 4 polymerization are in this case 

Rv .H 

and \C=C^ 

CK NR' 

where R and R' are long chain hydrocarbon groupings. As for the case 
of polyisoprene these are both trisubstituted double bonds, but on the 
one hand the chlorine atoms is a neighbouring double-bond substituent 
to the C—linkage whereas on the other hand the hydrocarbon group is 
in this position. It accordingly seemed reasonable that the out-of-plano 

^ Labile Molecule Discussion, 1947, p. 374. 

/. Atner, Chem, Soc,, 1949, 71, 4086. 
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deformation mode of the CH bond might give rise to absorption at slightly 
different wavelengths in these two cases. In view of the fact that wc 
found two strong absorptions at 12*1 and 12*7 jLt in the infra-red spectrum 
of neoprene (in contrast to the single absorption near 12 ft in the spectrum 
of natural rubber) Prof. Sutherland and I tentatively suggested that a 
possible explanation of this was that the two absorptions in neoprene 
might correspond to the out-of-plane CTI vibration frequencies of the cis 
and trans type double bonds. The more recent work by Mochel and 
Hall “ on polychloroprene and polybromoprene has sho^^al that these 
absorption bands both show predominantly pciqK'ndicular jiolarization 
in stretched neoprene, and that they are associated with the hydrocarbon 
part of the molecule in agreement with our original assignment. However, 
these authors also made the observation that the 12-7 ft absorption band 
is enhanced in intensity with increased crystallinity of the material, and 
in view of the complexity of the spectroscopic phenomena associated 
with the crystallization of gutta-percha and rubber as demonstrated by 
Prof. Sutherland and Dr. Vallance Jones, it would be injudicious to regard 
the above assignment as other than a possible one. 

Dr. P. Torkington (B. Rayon Res. Assoc.) said : I suggest that there 
is an alternative, somewhat simpler, interpretation of the spectroscopic 
data presented by Dr. Salomon as evidence for double bond migration 
during chlorination of rubber, as follows. In the spectra of simple chlor¬ 
inated paraflins there are absorption bands in the region 800 to 1000 
cm.~i which in some cases coincide with accepted key frequencies of 
C—H bending vibrations in unsaturated systems. Thus : 

(a) I : 3-dichloropropane ; 863, 9C3 cm.-^. 

(b) I : 2-dichloropropane ; 906, 913 cm.-^ (doublets 
(e:) 2 : 3-dichlorobutane ; 952, 962, 977 cm.“^ (triplet). 

(d) 1:2: 3-trichloropropane ; 873, 911, 930, 995 cm."^ 

These spectra have been published ; the compounds were studied with 
a view to identifying structures in polyvinylchloride, which has fairly 
strong absorption in the region 900 to 1000 cm.-^. It would seem that 
C—^H bending modes were responsible, the chlorine atoms having the 
same effect on intensity as unsaturation. In the light of the above, it 
would seem unlikely that the absorption maxima in chlorinated rubber 
and in the compounds designated (IX) and (X) by Dr. Salomon should 
be identified with unsaturated systems, unless the key compounds (a) 
to (d) above had either undergone isomerization, ((6) ajid (d) wore pre¬ 
pared from propylene and allyl chloride respectively, by addition of 
chlorine), or had lost HCl as in the characteristic decomposition of D.D.T. 
typo chloro-hydrocarbons. These explanations seem rather unlikely, 
unless such changes can occur in these compounds on distillation and 
have remained unreported. Also, compound (b) has no band at 990 cm.-^, 
to correspond to the absorption at 910 cm.-"^, if this is due to a vinyl 
group. Furthermore, with regard to the actual magiiitudcs of the fre¬ 
quencies stated by Dr. Salomon to be due to CH, bending modes in the 
compounds (IX) and (X), aU the available evidence suggests that the 
presence of a O—Cl bond adjacent to C=C lowers the frequency of non- 
planar CH, bending from its value in the corresponding hydrocarbon. 
Values of the frequency in cm.”*- are ; in isobutene, 890 ; in vinylidene 
chloride, 872.®** The value 895 in vinyl chloride should of course be com¬ 
pared with 910 in propylene, not the 890 of isobutene. The raising of 
the vinyl CH, bending to 928 in allyl chloride is due to the saturated 
CH, group preventing conjugation of the chlorine atom with the C=C 

Sheppard, Thesis (Cambridge University, 1947). 

•• Sheppard and Sutherland, Faraday Soc. Discussion, 1947, 2, 374. 

** Moi^el and Hall, J. Amer. Chem, Soc., 1949, 71, 408. 

« Thompson and Torkington, Free. Roy. Soc. A, 1945, *S 4 f 
••Thompson and Torkington, J. Chem, Soc,, 1944, 303. 
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bond (compare the opposing oriejiting effects in aromatic substitution 
of —Cl when (a) directly attached to an aromatic nucleus, (6) bonded to 
a carbon which is in turn attached to the aromatic nucleus, as in ^CHCl2.®® 

Dr. G. Salomon {Delft) {communicated) : Dr. Torkington’s critical re¬ 
marks must be rejected for the following reasons: 

The preponderance of allylic chloride groups in rubbers with 35 % Cl 
and in certain cases even up to 50 % Cl has been proved by several in¬ 
dependent kinetical methods within an accuracy of 3-5 %. We have 
used infra-red analysis only to distinguish between the position of the 
double bond in structure (Villa) and VIII&)). The absence of paraffinic 
chloride groups in these polymers, now suggested by Dr. Torkington, has 
been proved kinetically. 

Using another way of synthesis the structures (IV), (V) and (VI) 
with vicinal chloride groups have been prepared from rubber. These 
polymers contain some chemical active residual double bonds, to which 
correspond a weak ii ft band; there are no new strong bands in the 
II ft region to support Dr. Torkington’s contentions. The chlorinated 
polythenes studied by Thompson and Torkington ** show also no typical 
II /i band although they are chemically related to the structures sug¬ 
gested by Dr. Torkington. 

From the available evidence it is seen that a decrease as well as an 
increase of the C—wagging vibration can be produced by an adjacent 
C—Cl group. 

Dr. P. Torkington (B. Rayon Res. Assoc.) (communicated) : The 
chlorinated polythenes (halothenes) studied by Dr. Thompson and myself 
certainly showed no single typical lift band, but in the compounds of 
higher chlorine content there was continuous absorption over 100 wave 
numbers or so in this region. So single band would be expected with 
random substitution. The halothenes were certainly only very slightly 
unsaturated. It is difficult to avoid the conclusion that C—H deformation 
modes in chlorinated paraffinic systems do contribute to the absorption 
in the region of ii^. I do not believe that it is justifiable to state that 
one can prove the absence of chlorinated paraffinic groups in chlorinated 
rubbers kinetically. 

Dr. N. Sheppard (Cambridge) said : With reference to the paper on the 
infra-red analysis of rubber derivatives by Salomon, van der Schee, 
Ketelaar and van Eyk, I would like to report some similar unpublished 
infra-red studies of chlorinated rubber made by Prof. Sutherland and 
myself a few years ago. We studied chlorinated rubber films containing 
8 and 36 % of combined chlorine and obtained spectra almost identical 
with those shown in Fig. 2 of Dr. Salomon’s paper for similar percentages 
of chlorine. In agreement with these authors we also concluded from 
the appearance of a new absorption band at ca, ii ft and the decrease 
of the 11*9 ft absorption that double bond shifts had occurred from the 
typeRi(CH3)C=CH—R* found in natural rubber to the type R^R"C=CHa 
(Rx, Ra, R', R", etc.,are alkyl groupings) with a chlorine atom at an allylic 
position with respect to the double bond. This latter feature explains 
the shift of the absorption from the usual position of 11*2 ft for molecules 
with purely hydrocarbon constituents R' and R".*^ As pointed out by 
Salomon et al., the change in type of the double bonds also explains th 
initial increase in intensity of the absorption band at 6 ft caused by th 

Torkington, Nature, 1949, 163, 96 ; Proc. Roy. Soc. (in press). 

It might be noted that the infra-red spectrum of allyl chlonde shows that 
the orienting effect of chlorine in ^CHQa (where all positions are about equally 
reactive) is due to real electronic disturbance by the —CHCI2 group, not to any 
intermediate formation of ^CHO m the substitution reactions. 

Thompson and Torkington, Trans. Faraday Soc,, I945» 41, 246. 

Rasmussen, Progress in the Chemistry of Organic Natural Products (Springer- 
Verlag, Wien, 1948), p. 353- 

Sheppatd and Sutherland, Proc. Roy. Soc. A., 1949, ipd, 195. 
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C=C stretching frequency, and we have been able to confirm this further 
by detecting a slight expected shift of this absorption band to longer 
wavelengths in the spectrum of the sample with 36 % combined chlorine. 

As mentioned by Dr. Salomon and his co-workers, we have previously 
obtained infra-red evidence of double bond migrations occurring during 
the chemical reaction of rubber with sulphur (vulcanization) In answer 
to a suggestion by them, however, we would like to emphasize that in 
this case we found no changes in the spectrum which could be associated 
with the production of C==CHj| groups during vulcanization. An in¬ 
crease of absorption was observed at 10*4 11 corresponding to new 
Ri—CH=CH—Rj, type double bonds, but none was observed near 11-2 fi 
as would be expected if RiU2C==CH2 groups were formed. These con¬ 
clusions apply also to the reaction with sulphur carried to the ebonite 
stage, and to vulcanization using accelerators of the mercaptobenzo- 
thiazol type. 

FinaUy the possibility, originally suggested by Dinsmore and Smith, 
that the weak 11*2 absorption band m the spectrum of natural rubber 
may indicate the presence of RiR2C=CH2 groups in the pure material 
is of great interest to the rubber chemist whether such groups are associ¬ 
ated with the ends of the chain or, as suggested by Salomon and his 
co-workers, whether they correspond to such groupings along the length 
of the chain. We are of the opinion, however, that considerable caution 
should be exercised in making this assignment. The absorption band is 
not a strong one and hence might easily be caused by a C—C sktdetal 
stretching mode or by a methyl wagging mode of the 

—CH,—C(CH2)=CH--CH2-~ 

repeating unit, particularly as many straight chain paraffins have absorp¬ 
tion bands close to this wavelength.*** It has been suggested that the 
weak absorption at 6-i /a in rubber might also be the C=C stretching 
frequency of the C=CH2 group, but on the other hand this could be as 
easily assigned to an"overtone of the strong iz fi absorption band in rubber 
which is ^so associated with the C C part of the molecule. The cor¬ 
relation of the ii‘2 /i absorption in natural rubber with C=CH2 groups, 
although suggestive, is hence not altogether certain, and independent 
evidence seems desirable before it can be finally accepted. 

Dr. Mansel Davies (Aberystwyth) (communicated) : The last para¬ 
graph of the experimental section of Prof. Anslow's paper suggests that 
various (mcluding remarkable metastable) association equilibria occur 
with acetamide in aqueous solution. It so happens that the freezing- 
point depressions for aqueous acetamide solutions arc amongst the most 
accurate in the literature.** An analysis of these shows that up to 3M 
there is certainly less than 2 % deviation from ideal (monomeric) solu¬ 
tions : i.e. the mean degree of association for a 20 % (by weight) solution 
is less than 1*02 at — 3® C. Our own data confirm and extend this con¬ 
clusion. 

As the changes observed by Prof, Anslow are not due to association 
factors in the case of acetamide, has she considered the other possibile 
changes (including hydrolysis) on heating the solutions ? 

Dr. E. R. Holiday (Spectrographlc Res, Unit, London Hospital) (coni'- 
municated) ; The experimental findings by which Dr. Anslow justifies 
her theoretical arguments may perhaps be conveniently divided into two 
groups, viz. spectral absorption measurements at wavelengths (a) longer 
and (b) shorter than what she terms the onset. Confining attention to 
the first group one is compelled to question the validity of absorption 

** Sheppard and Sutherland, /. Ghent, Soc., 1947, 1699. 

** Dinsmore and Smith, Ind, Eng. Ghent. (Anal.), 1948, 20, ii. 

** Cross, Richards and Willis, this Discus^on. 

Brown, Sheppard and Simpson, this Discussion. 

Chadwdd and Pbliti, J. Anter, Chew. Soc., 1938, 60,1291. , 
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measurements when calculation shows that the solutions measured had 
optical densities (absorbance) values in the region of o*oi, i.e. 98 % 
transmission. Such measurements seem to form an unsatisfactory basis 
for theoretical deductions about chemical structure unless very stringent 
proofs of chemical purity and control of optical conditions are provided. 
We have found that distillation of ^^-butyl alcohol over potash through 
an efficient column yields successive fractions showing progressively 
decreasing absorption of the t3rpe described by Dr. Anslow in Fig. 10 
until a product is obtained having an absorption at 250 m/x one six- 
hundredth of that of the sample she used. The negative optical densities 
obtamed by Dr. Anslow at the foot of the onset must certainly be due to 
fluorescence and provide a phenomenon of great interest. In view of 
the importance of the theoretical propositions made by Dr. Anslow in 
this paper and elsewhere it would be a pity if the cogency of her argu¬ 
ments were weakened by her laying emphasis on effects which are possibly 
of doubtful validity. 

Prof. J. A. A. Ketelaar (Amsterdam) said : At many points the 
results of Prof. Anslow are completely at variance with well-established 
conceptions. Thus the irreversible dissociation of amides and urea on 
heating and subsequent cooling is contrary to what has been found for 
association through hydrogen bonds. Chemical decomposition may have 
perhaps played a role. 

However, most of the abnormal behaviour is restricted to the region 
of very small extinctions (log JE < o, most curves extending to log E = —- 2, 
and lower than — 3). It is a well-known fact that in spectral regions at 
these low specific extinctions minor impurities may play a predominant 
role. Thus different samples of ethanol which are considered to be pure 
do show quite considerable differences in absorption at shorter wavelen^hs, 
probably due to slight amounts of aldehydes. Absolute ethanol when 
made by the CaO process contains even more absorbent material and 
when made by azeotropic distillation contain traces of benzene. ** Pure ** 
butanol was shown to absorb much less after treatment with Raney nickel.^’ 
In fact many of the spectra of alcohols reproduced, show a band at about 
2800-3000 A which could be very well assigned to aldehydes, etc. The 
fluorescence observed in some cases also indicates impurities. 

The theoretical interpretation, where the electronic transitions ob¬ 
served in the free radicals are identified with those of the bound groups, 
seems doubtful. The assumed dependence of the vibrational frequence 
of the total masses of the attached groups is contrary to what is found 
in numerous complex molecules, where about constant characteristic 
frequencies are obtained irrespective of the attached masses. 

Prof. G- A. Anslow [Smith Coll.y Northampton, Mass,) [communicated) : 
Discussions of the results reported in this paper with members of the 
Conference suggest that additional details concerning the observations 
may be important. Criticisms were directed at the interpretation of the 
weak specific absorptions reported in the 33000-38000 cm.”^ region. It 
•WQS suggested that:— 

(1) The amides cannot be associated at 0*1 M and o-oi M, since chemical 
evidence indicates that aqueous solutions, particularly of acetamide, arc 
mainly monomeric below 5M, and that the absorption registered may 
result from hydrolyzed products consequent to heat treatment. 

(2) This absorption may originate in the C=N chromophore of enolic 
forms of the amides, and similarly for the proteins in the C=N chromo¬ 
phore of enolic polypeptide chains, as sug:gested by Schauenstein.** 

(3) The alcohols, even after successive fractional distillations, may 
contain slight impurities, such as the aldehydes or peroxides, 

Beale, Harris and Roe, /. Chem, Soc„ 1950, 1397. 

Schaustein, Monatsh., 1949, 80, 820, 843. Shaustein and Treiber, /. 
Polymer Sci,, 1950, 5, 145. 
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For the consideration of these points of view it may be significant 
that:— 

(t) Molecular weight dctennmations taken oi various amide specimens 
in an attempt to detect photolytic dissociation, indicated, for example 
in acetamide, not more than 2-3 % iiolyineiization, and no measurable 
change aft<T irradiation. This small degree of ]>olymcrization was inter¬ 
preted by the investigatois as responsible for (a) the low magnitude of 
the absorptivity tC; (b) the presence of the solvent as an intermediate 
molecule in the associated molecules, as desciibed in the discussion of 
Type A amide spectra and Fig. 5 ; (c) the persistence of the dimer Type a 
and c spectra. Since these spectral typos were characteristic of the non¬ 
heat treated solutions as well as of quenched samples, it seems improbable 
that hydrolyzed material is responsible for the main features of these 
spectra. Some of the irregularities exhibited in the c types, particularly 
in those of urea may have this origin. 

(2) F.nolic forms of the amides may absorb not only through C==N 
excitation, but also through the excitation of the OH . . . N groups. 
Rupture of the H . . . N bridge without the OH l)ond dissociation should 
result from energy absorption with wave-iiumbeis 36000-37000 cm.-^. 
Most type b amide spt ctra sliow weak maxima and type a exhibit fluor¬ 
escence in this region. I^ossibly the latter results from the formation of 
enolic dimers consequent to the photolytic rupture of the H . . . O 
bridge of the normal ketonic forms. The specific absorption which ap¬ 
pears in the spectra of alkaline solutions of tlie proteins, Fig. 17, may have 
a similar origin. 

(3) Since aldehydes have relatively low boiling points, it seems 
unlikely that thrice-distillcd high-grade alcohols can retain sufl&cicnt 
amounts to produce even the weak absorption observed. Nor can the 
absorption maxima be checked with the published spectra of aldehydes. 
Moreover, the absorptions onsets occur at wave-numbers which depend on 
the reduced mass of the respective associated alcohol, and not on die mass 
of an impurity. Recently portions of approximately i M solutions, used 
for the published graphs, now aged for 20-30 wrecks, were run through 
the Beckman spectrophotometer after redistillation. The specific ab¬ 
sorptions were practically identical with those given by the fieshly pre¬ 
pared solution .^showing no changes indicating decreased impurities. 
Non-redistilled portions exhibited, m most cases, stronger absorption in 
the 25000-35000 cm.-^ region and less definitely in the 40000 cm.~* 
region similar to the results reported in the curves of Fig, 9, 10 and ii. 
(Note the dificrcnces betw^een the m and m*- n'sults for torLAmiyl, «-amyl- 
and tert-Bjaxyl alcohols.) In addition similarly located specific absorptions 
appear in the spectra of fresh solutions of higher concentration. Most of 
the additional absorption is probably* Tyndall scattering from molecular 
aggregate of increased volume. Possibly those form through CH . . . O 
association either between adjacent polymers or between the solute and 
the solv’ent, an association which may have caused the onsets in the 31000 
cm.~i region which are most appaient in the spectra of the freshly 
prepared weak solutions. 

Finally, in comparing the published spectra, in the 25000-47000 cm.-^ 
region which were obtained with the i^ckman photo-electric spectro¬ 
photometer, with those obtained in spectrograms, it must be realized 
that the use of the Beckman monochromator permits an analysis of the 
unirradiated solution step by step, whereas photographic methods simul¬ 
taneously record the specific absorptions of the photolysis products and 
fluorescence, as w'ell as the specific absorption of the initial solution. 
Consequently the Beckman instrument reveals weak specific absorptions, 
which are obscure in the usual spectrogram. On the other hand, it does 
not separate fluorescent radiation resulting from photolysis products. 
Ideally the beam which has passed through the sample at the exit slot 
of the monochromator should be analyzed by a second monochromator 
before failing on the photo-electric cell. 
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STUDIES OF THE CARBOXYL GROUP 

PART I.—THE GEOMETRICAL STRUCTURE 


By Mansel Davies and Orville Thomas 
Received gth October, 1950 

The various quantitative data on the geometrical structure of the carboxyl 
group are discussed and marked discrepancies are indicated. A structure is pro¬ 
posed which is in much better accord with the range of results available ^an 
is the case for previous models. 


Despite its apparent simplicity and very frequent study by a variety 
of methods, there remains considerable uncertainty in the literature on 
the bond lengths in the carboxyl group. This is principally expressed in 
the wide range of values for the C-—O (** single ") bond length. The 
immediately relevant data come from X-ray diffraction analysis of 
crystalline acids and electron diffraction and vibrational spectra in the 
gaseous state. 


O 






H 


Fig. I.—^Molecular parameters in the carboxyl group. 


X-Ray Data.—^A reference ^ to the more detailed (Fourier) evaluations 
of X-ray results may be summarized by quoting the ranges of the indi¬ 
vidual “best" values : 

ri = 1*20 — 1-28 A, = 1*25 — 1*31 A, a I22®-I26®. 

Whilst the limits ± 0*04 A are about double those given by individual 
X-ray workers, a consideration of one of the most careful X-ray studies * 
shows that the overall accuracy in bond lengths is often significantly 
less than is allowed. Accepting Brill, Hermann and Peters' data for the 
oxalic acid dihydrate crystal parameters (a = 6-12, b == 3*60, c = 12*03, 
j3 = io 6*2®) and their own estimated errors in the atomic co-ordinates 
in terms of these parameters (Av =« 0*0025 ; Ay == 0*0040 ; Asr = 0*0010), 
we have calculated the limiting configurations of the carboxyl group 
which are in accord with their X-ray results. These are : 

rj == i*23« A, y, == 1*308 A, a = 126° o' ; 

Yi = 1*184 A, ra = I’258 A, a = 128® 42'. 

* Papers accepted for publication but not issued as preprints. 

1 {a) Hendricks, Z, Krist,, 1935, pi, 48. (&) Robertson and Woodward, 

J. Chem, Soc., 1936, 1817. (c) Verweele and McGiUavry, Nature, 1938, 142, 161. 

(d) Dunitz and Robertson, /. them, Soc,, i 947 » 142* (^) Morrison and Robertson, 

J, Chem. Soc., 1949, 980. (/) Morrison and Kobertson, /. Chem. Soc., 1949 » 987. 
(g) McGillvary, Rec. trav. chim., 1941, 60, 605. {h) Morrison and Robertson, 

J. Chem. Soc., 1949, 993. (i) Morrison and Robertson, J. Chem. Soc., 1949. 1001. 

^ Brill, Hermann and Peters, Ann. Physik., 1942, 42, 357. 
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Thus, it would not appear un.reasonabI<‘ to put limits ± 0-03 A to the 
bond lengths available in this one instance. It need only be emphasized 
that the data of Brill, Hermann and Riders used h(‘re are of an accuracy 
much greater than that of most X-ray work, 

A point whiclx must also borne in mind is the possibility of s])(‘rial 
features arising in any one oystal structure which might givt* the t'arboxyl 
group there “ abnorrnal " parameters. Thus the o('curr(‘noe of S(‘veral 
special resonance structures has been discussinl for oxalic acid dihydrate 
itsell,® but the X-ray data referred to include such ]>resumably nonnal 
members as succinic, adipic and sebacic acids. However, one general 
feature will be the changes arising on the transition vapour ^ solid. 
Even with the distinctive carboxyl group interactions occurring in those 
cases it initially seemed unlikely that the bond lengths would alter by 
more than 0*04 A.* 

Again, a small change in the bond-angle a of not more than 3® in going 
from vapour to solid is a possibility; as the maximum work involved 
in this deformation would be 300 cal./mole it cannot be ruled out for that 
reason. Similarly, about 700 cal. per mole are involved in stret('hing the 
C—O bond 0*04 A. 

Electron Diffraction Data.—Recent electron dilfraction results® 
are interpreted to give for monomeric formic acid molecules : 

= 1*24 A , r# ~ 1*42 A, a == 117®. 

Except for the angle, which is uniquely low here, the figures for acetic 
acid are identical, with a as 122° to 138®. The C—O bond length is fai 
outside the permissible X-ray values. 

Molecular Spectra.—Some of the most important spectroscopic 
evidence for the structure of the carboxyl group comes from an analysis 
of the rotational fine structure of the harmonic bands of the O—H 
stretching frequency in formic acid :® further, and indeed more pre¬ 
cise, rotational constants are available for H . COOH and its dcutorated 
derivatives from fundamental bands.® 

Both the spectroscopic * and the dipole moment data indicate 
that the formic acid molecule is planar. Thus the three principal moments 
of inertia are related by Jj = -f /3, and 1 3 will be much smaller than 
the other two. In units of lo"^® g.cm.® Van Zant Williams' values are 
h = 86-38 ± 0*9; /a = 75*27 ±0-7; I3 — ii*ii ± 0-1: the possible un¬ 
certainties indicated are based on the (extreme) assumption of errors of 
I % in the experimental rotational constants. (The apparent diflercnce 
between the / values of Bauer and Badger,’ and of Thompsor ® from those 
of Van Zant Williams® is almost entirely due to changes in the accepted 
value of h : we have used h = 6*626 x lo-*’ erg sec.) 

Assuming values fga = 1*08 A, ron 0-97 A, and ^ICOH - 107®, 
from the above values and his own data for the rotational constant 
(y" — S) for the deuterated derivatives of formic acid, Van Zant Williams 
deduced rj =* 1-223 ± 0-02 A, = 1*41 ± o-02 A, a -= X25® ± i®, as 
providing an adequate representation for the four molecules 

H . COOH, H . GOOD, D . COOH, D . GOOD 

involved. 

This result of the interpretation of a considerable amount of quanti¬ 
tative spectroscopic data approximates to the electron difiEraction values ® 

“Robertson and XJbbelohde, Proc, Roy. Soc. A. 1930, 170, 222; Proc. Roy. 
Soc. 1939, 170, 241. 

* Davies and Sutherland, J. Chem. Physics, 1938, 6, 755. 

® Karle and Brockway, J. Amer. Chem. Soc., 1944, 66 ^ 574. 

» Herzberg and Verleger, Physik. Z., 1936, la, 444. 

’ Bauer and Badger, J. Ch$m. Physics, 1937, 5 > 852. 

» Thomson, /. Chem. Physics, 1939, 7, 453. 

• Van Zant Williams, /. Chem. Physics, 1947, iSt 232, 243. 

Coop, Davidson and Sutton, /, Chem. Physics, 1938, 6, 905. 
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but is clearly incompatible with the large body of X-ray results. In 
arriving at his model, however, Van Zant Williams considered only the 
possible ranges = i‘22 to 1-23 A, rg = 1-38 to 1-43 A ; his solution can 
best be regarded as one possible form which fits the spectroscopic data. 

Accordingly, a systematic calculation of the moments of inertia for a 
much wider range of models was made. Hirschfelder's neat determin- 
antal form of evaluation reduces in this case (with his notation) to 
= C ; and Ig and J3 as the roots of 

/a _ CJ + (AB - D») = o. 

The values quoted above for ^ch ^md ron 3 -re well supported by reference 
to related molecules and are unlikely to be in error by more than o*oi A. 
Fortunately the moments of inertia are not sensitive to these values. 
Similarly, the Z,COH can be varied 3® or more, without appreciably 
affecting the result. Values of 107® to no® have been used for it. Or 
the other hand, with any of the suggested bond distances the Z.OCO 
is determined as near 126® (±1°) for best agreement with the moments 
of inertia. Some of the results approximating to the spectra require¬ 
ments are reproduced in Table I. 


TABLE I 


Model 

C 

A 

A® 

0 

D 

r 2 

A 




X 10^ g. cm.* 

I 

122 

123 

107 

1-24 

1*29 

78-5 

67-6 

10-9 

2 

122 

125 

107 

1-24 

1*32 

8i*o 

70*1 

10-9 

12 

135 

122 

107 

1*24 

i *32 

84-2 

74-8 

9-4 

4 

120 

126 

107 

1*27 

1*33 

847 

74*0 

10*7 

11 

120 

130 

107 

1*27 

1*32 

85*1 

75*1 

10-0 

13 

120 

126 

108 

1-27 

1*35 

85-3 

74*3 

Il’O 

14 

118 

125*5 

108 

1-27 

1*35 

85-1 

73*9 

11*2 

16 

117*5 

126 

108 

1-27 

1*35 

85-3 

74*3 

II-O 

17 

118 

126 

no 

1-27 

1*35 

85-5 

74*4 

II'I 

V.Z.W. 

122 

125 

107 

1-23 

1-41 

86-4 

75*3 

II-I 

Expt. 






86-38 

75*27 

ll-lj 


The essential difference between our own and Van Zant Williams’s 
calculations is that we have used the X-ray data as a basis for our models 
rather than the electron diffraction results. Retaining the geometrical 
features of model 17, the rotational constants were calculated for the 
deuterated derivatives. These are compared in Table II with the experi¬ 
mental values (8 from Bauer and Badger, and the others from Van Zant 
Williams) and those calculated by Van Zant Williams for his model. 

Both these models thus reproduce the spectral constants to within 
the probable uncertainty in the latter. The value = 1-27 A in model 
17 is near the upper limit permissible by X-ray data : omitting the oxalic 
acids, the mean value of in seven other carefully measured cases is 1*25 A. 
Although limits of ± 0-02 A are often given with the X-ray figures, this 
is increased to ± 0*04 A in some cases (ref. i, / and /t)* Even with the 
latter uncertainty our value r3 = 1*35 A is beyond the X-ray limits, as 
for the same seven cases the average rg = 1-30 A. If rg be reduced in 
value, compatibility with the spectral data can only be achieved by a 
corresponding increase in Furthermore, the characteristic absorptions 
of the carboxyl group suggest that the two carbon-oxygen bonds differ 


Hirschfelder, /. Chem. Physics, 1940, 431. 
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far more than their approximate equality in much X-ray data would 
allow. 

The model now proposed is seen to be, at least in respect to the carbon- 
oxygen bond length intermediate between the X-ray and electron 
diffraction values. If an uncertainty of ± 0*04 A wore imposed on the 
latter (which is not unreasonable as a general assessment) the electron 
diffraction data would not show any divergence from our model. It must, 
too, be emphasized that mod('] 17 strictly ap])lies only to formic acid 
molecules in the gaseous phase and .significant though .slight (i 0*04 A) 
changes in the CO bond lengths may arise from changes in environment. 

TABLE JI 


Molecule 

Rotational 

Constants 

Kxpt. Values 
cin.“i 

v. z. w. 

Model 

Model 17 

H.COOH 

s 

0-348 

0*350 

o*35-i 


/' s 

2*172 

2*172 

2*178 

H.GOOD 



0-338 

0*339 


/' - s 

1*820 

r*822 

i*8r() 

D.COOH 

8 j 

- 

0*343 

0*345 


8 


1*550 

1*549 

D .GOOD 

8 

-- 

0*331 

0*333 


8 


1*339 

1*33* 


It is interesting to compare the bond lengths proposed here for formic 
acid with the available data on similar links in other molecules. In terms 
of bond-order {N), Gordy 1® has given for the 0-0 links the correlation 

N 5X5 ^ ,.33, 

where r is in A. This is probably as precise a relation as t]i<i available 
data will allow. On its basis the bond-orders in formic acid are 1*30 
and 171. Those figures certainly serve to ompha.size the abnormality " 
of the bonds m the carboxyl group, a feature expressed chemically, for 
instance, in the absence of the typical carbonyl reactions. Any further 
discussion of the binding in the group is postponed until the potential 
functions (i,e. force constants) deduced in Part II, have been evaluated. 

It may at least be claimed for our proposed dimensions that they 
represent a closer synthesis of the available physical data than any other 
single set of bond lengths. 

Tke Edward Davies Chemical Laboratories, 

University College of Wales, 

Aberystwyth, 


“ Gordy, J. Chem. Physics, 1947, 15, 305. 
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PART II.—THE POTENTIAL FUNCTION OF THE FORMATE ION 
AND THE FORMIC ACID MOLECULE 


By Orville Thomas 
Received gih October, 1950 

A complete assignment of the in-plane vibrational frequencies of formic 
acid and the formate ion is made. Generalized quadratic potential functions 
for these structures are first evaluated by treating them as three-particle 
systems. The extreme solutions possible with that simplification are taken 
to indicate the limiting range ojf the conventional valence-force constants. 
Four-particle treatments are carried out using Torkington's [A], [e] and [h] 
matrices to airive at the force-constant matrix [d]. The significance of the force- 
constants deduced is discussed. An apparent inconsistency between the 
carbon-oxygen bond orders as indicated by their lengths and force constants 
remains. 


1 . Three-Particle Treatment.—As a first approximation the formate 
ion and the formic acid molecule may be treated as three-particle systems. 
For the formate ion mi-- = m( 0 ) ; Wg = wz.(CH) and = yg. For 

formic acid = m{ 0 ) ; m{CFL) ; = ;w(OH). 



Fig. I. —Non-linear three-particle system. 

(a) Frequency Assignment in the Formate Ion.— -Lecomte and his 
collaborators ® have reported the absorptions between 600 to 1600 cm,-^ for 
a large number of formates. Using the Gnibb-Parsons S3 spectrometer with 
a rock-salt prism, the spectrum of sodium formate melted as a thin film between 
NaCl plates has been redetermined. Fig. 2 and Table I summarize the ob¬ 
servations. 

Lecomte found frequencies within certain ranges common to most of the 
formates : these frequencies and the assignments, in the conventional three- 
particle notation, as given by Lecomte are : 

1500-1600 1280-1350 800-850 745-775* 

Vti Vi V2 

In the range above 1200 cm.-^ Lecomte's frequencies are admittedly uncertain 
and the assignment = 1374 cm.-i, vg == 775 cm.-^, — 1678 cm.-^ is pro¬ 

posed here. No absorption was detected at 800 to 850 cm.-i for Na and K 
formates and it appears absent from five out of fourteen formates examined by 
Lecomte, who gives a frequency near 750 cm.-i in all cases. The Raman data » 

1 Duval, Lecomte and Douville, Ann. Physique, 1942, 17, 5. 

“ Lecomte and Freyman, Ccnnpt. rend., 1939, ao8, 1401. 

* Edsall, /. Chem. Physics, 1936, 4, i. 
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show strong lines corresponding to 1374 cm.and 772 cm.“^. The absence of 
v. in the Raman is according to expectations. , ^ ^ t ^ 

As Edsall has indicated,* the formate ion is closely related both in electronic 
structure and mass factors to the NOa molecule. For the latter « ^ 1320 cm. -i, 

V = 648 cm.“^ V3 = ib2i cm.-^. Further observations on the spectrum of 
Na and K acetate suggest that the formate frequencies at 1678 and 1374 cm.-^ 
become 1386 and 1418 cm.-^ in the acetate : these two pairs of fre<iuencios are 
split about a common mean value of about 15r 5 cin.“'. 



Fig. 2.—Infra-red absorption spectrum of sodium formate. 

(b) Frequency Assignment in Formic Acid. —In thi.s instance, the three 
fundamental frequencies can be further (approximately) described as 

ifj = v(C—O), vj ~ ~ v{C=^0). 

The vapour absorption spectrum for H. COOH and its deuterated derivatives 
has been reported by various authors.®' ’ The grating-values of Van Zant 
Williams are used, where they are available, in the following calculations. 

TABLE I 


3X7f> 

Weak but sharp 


1374 1069 

Strong Strong 


Considerable certainty attaches to the allocation vj ~ 1770 cm.-^ and only 
slightly less to v* = ^ 5 ^ cm.-^. The latter becomes 678 cm.-^ in D. COOH 
and is to be compared with vj = 648 cm.-^ in NO,.® On tihe basis of a complete 
assignment of the symmetry type A' vibrations in H . COOH (see below), a 
partial assignment in H . COOD and the Teller-Redlich product rule, a value 
vt s=! 560 cm.*^ is predicted for H. COOD. As these spectra have not been 
reported below 650 cm.-^, the absence of the corresponding band in H . COOD and 

* Edsall, J. Chem. Physics, 1937, 5t 514* 

® Bailey and Cassie, Nature, 1933, 131, 239, 910. 

® Bonner and Hofstadter, 7. Chem, Physics, 1938, 6* 531. 

’ Van Zant Williams, J, Chem. Physics, 1947, 15, 232, 243. 


Absorptions : cm.-* 
Remarks 

Absorptions : cm.-* 
Remarks 


2938 2816 2O92 1678 

Triplet Broad, shoulder 

at 1005 

775 7 ^>o 

Strong Strong subsidiary 
peak 
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D. GOOD can be understood. Furthermore, the Raman spectrum of 
CH3. COOH shows a frequency of 623 cm.-^ which becomes 580 cin.“i m 
CD3. GOOD.* 

The formic acid molecules all show a strong absorption at 1140 d: 40 cm.-^ 
which, as previously,® is taken as Vj. The choice of this frequency is more fully 
discussed later : in H . COOH vapour it is found at 1105 cm. 

The Potential Function.— (a) The Formate Ion. With the parameters 
of Fig. I, suitable symmetry co-ordinates are, 

Aj ~ Ari 4- Arj, Aj = riAa, A3 = Ar^ — Ar*. 

The generalized valence force potential function (V.F.P.F.) is then 

2V = -f ^saAgS -I- ztfiaAiAfi + d^sAs^ . . . (i) 

This may be written in an equivalent form as 

2F = (dll + + Arg®) -t- di^r^Aa.^ + Hdn — ds^)AriAu 

-h 2ifi2rAa(Ari 4 -A^a). . (2) 

The latter may be compared with the usual form of the V.F.P.F., viz. 

2 V ==/'(Ari* 4- AV) 4 -/''r*Aa® 4 - a/isAriArg-f 2fiirAa(Ari 4 - A^a) ( 3 ) 

where f = /,o_o, and f" = 

The constants in eqn. (i.i) are found by using Torkington's results® for the 
secular equation of second degree and from the linear equation, 

M 38^38 ““ ^3! == 

where is the appropriate element of Torkington's A matrix. The values 
obtained are quoted in Table II, the force constants being in units of 10* dynes/cm. 

TABLE II 


Force 

Ck>nstant 



Solution 



I 

II 

VII (min. 

VII (min. dll) 

General 

dll 

4*833 

— 

6*330 

2*3io 

6*330 

d^z 

4*588 


4*5aa 

4*588 

4*582 


1*481 


l*2oo 

3*3o3 

l*2oo 

^18 

0*0oo 

I*2i4 

1*034 

0*798 

0*788 

/' 

9*39 

11*4 

10*9 

6*83 

10*9 

r 

1*43 

1*26 

1*20 

3*30 

1*20 

/12 

0*00 

I'2I 

i’03 

0*79 

1 0*79 


0*34 

2-40 

1*84 

— 2*21 

1*84 


The conventional force constant terms obtained by comparison of eqn. 
(2) and (3) are also shown. Solution I corresponds to the idealized V.F.P.F, 
with dia — o, a condition which is not generally applicable as it sometimes leads 
to imaginary values of the other constants. Torkington found that the energy 
contributions from the two square terms in (i) for the ideal case dj2 == o were 
mutually reciprocal in the two modes : imposing this condition as a necessary 
feature leads to solution II. Solutions VII are particular limiting versions. 

For secular equations of degree higher than two, Torkington achieves a 
solution for the force constants by equating to zero aU elements below the dia¬ 
gonal of his form of the determinantsLl equation : 

I dA - 1 1 « o. 

• Hibben, Raman Effect and Its Chemical Applicaiions (Reinhold, New York, 

1939.) 

• Torkington, /. Chem, Physics, 1949* 17^ 357. 

Torkington, /. Chem. Physics, 1949, 17, 1026. 
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For the significance and method of ihis solution the original i)aper should be 
consulted. In practice it is found that acceptable values ol the force constants 
arc obtained notwithstanding the somewhat arbitrary'' niefeliod of solution : 
excellent results are found when the fundamentals are group vibrations in¬ 
volving principally only one co-ordinate. In the i)resent instance with the 
Cartesian displacement co-ordinates of Fig. i, iho A matrix is, with M • 

r 2/i ( .p'® .|s/ o 

liL I |S" o 

L <> <> I ‘lA- - 

where sin (a/i), ( cos (a/2). 

Taking Zachariassen's X-ray values y{C _O) « 1*27 h o*o2A, a - 125°, 

the elements of the force constant matrix [d] given as tire general solution in 
Table II are obtained. It is important to note that this " general solution 
does not markedly differ from solution 11 which is, perhaps, the most physically 
plausible, whilst it is almost identical \vith solution VII (min. <faa)- 

(b) Formic Acid.—A s a threo-particlo system with the notation of Fig. j 
the A matrix is 



where /ii =■ nijnii, ~ 

The molecular dimensions (see Part 1) arc taken as --s 1*27 A, n x.34 A, 
a = 126**. Using Torkington's general solution =1® the terms of the £dj matrix 
given in Table V are found for the three-particle system. 

2. Four-particle Treatment.—Fig. 3(a) provides a full representation of 
the formate ion, whilst the formic acid molecule can be approximated as 3(a) 
with = w(H), = f«( 0 ), = w{C), = w(OH), or as in 3(6) with 

jwi = W3 m( 0 ), Wa = wt(CH), W4 = The planar normal modes of 

3(a), the model first treated are 



The formate^ ion is a plane symmetrical XVZ2 molecule whose point group is 
Cj,. The Class Ai vibrations are vj, and v®; v* and V5 belong to Class JSj,. 
Formic acid has the point group C, and the five planar vibrations belong to 
Class A , 


Frequency Assignment, (a) FoRMATit Ton.—V alues have already been 
to vi, va and V4; v* represents the v{C — ^11) frequency and is taken from 


Table I as 2816 cm.-i. In the same Table tlic alternatives forrg 




ihe bands at 760 and 1069 cm^K The X :C—H deformation frequency 
in other simple molecules having the wbon in sp^ or sp^ valence states lies in 
me range looo-'iioo cin.“^. The choice vj 1069 cm.~^ is further supported 
+1? s finding a band at 1030 ± 40 cm.-^ in ten of tie fourteen formates 

ttat he examined. It is not si^rising that the intensity of the fundamental 
IS not great, a circumstance which possibly accounts for its non-appearance in 


Zachariassen, J, Amsy. Chem^ Soc,, 1940, 6i, xoxi. 

« Herzjterg, Mole^^ Spectra and Molecular Structure, Vol. 2 (Van Nostrand 
Co., Ine., N.Y., X945), Table 51, p. 195, ^ 
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some instances. The sharp subsidiary band at 760 cni.-^ imy possibly be v*, 
the out-of-plane Class vibration. 

(6 ) Formic Acid. —Formic acid when treated as the four-particle system 
illustrated in Fig. 3(6) has two normal modes associated with the stretching and 

bending of the OH link. They are = v( 0 —H) and vg = sc/ ). 

\C'‘ 

In addition to the data already mentioned *» which refer to the gaseous 



Fig. 3.—^The formate ion (a) and formic acid {a, b) as four-particle systems. 


state, quantitative observations on the influence of dimerization of the mole¬ 
cules upon the absorption spectrum in solution have been acquired. The 
position of the monomer dimer equilibrium in the moist solvents can be deter¬ 
mined from distribution data.^®» 



Using cells ranging from o*8 to 40 mm. in thickness and temperatures from 
25® to 60® C (read with a thermocouple), an attempt has been made to follow 
systematically the spectral changes accompanying the association. For the 
data reproduced, the total number of molecules (H . COOH) in the path length 
is constant to ± 5 %. Fig, 4 represents the overall picture in CCI4, apart 

Seidell* Solubilities of Organic Compounds (Van Nostrand Co. Inc., 1941), 
pp. 27 and 29. 

Moelw3m-Hughes, J. Chew, Soc., 1940, 850. 
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firom the region. 1100-1200 cm.“^ where CSg is the solvent. The band-centres 
are recorded in the following table, where the conditions give the temperature 
and percentage monomer in the solution. 


TABLE III 


Condition 

r (ciii.-i) 

^5°: 3%(t'Cl4) 

2922 1721 


1210 1105 

10O4 927 700 

1,0°; 7i%(CCl.) 

3505 2<)30 

1761 

*73-s 

io(>4 

25° : 88 o/„ (CS,) 



1208 

1103 


Some of the expected changes are immediately recognized in Fig. 4. The 
broad association (0—H) band around 3000 cm.-* is replaced in dilute solutions 
by sharp bands at 3505 and 2930 cm.-*, these being respectively v(C)— H) and 
y(C—^H) in the monomer. Similarly, the single intense absorption at 1721 cm.~* 
is replaced by two components at 1732 and 1761 cm.-* on dilution : of thc.se, 
that at 1761 cm.-* is the v(C=0) frequency in the monomer. 

The band at 1363 cm.-* which comes up strongly in the associated solution 
but disappears and^has no near neighbours in the monomer .spectrum, is almost 

certainly the Kci mode in the dimer. It appears as one of the strongest 

linos in the Raman spectra of the pure carboxylic acids, which state, of course, 
can safely be taken as almost completely dimeric. Thi.s frequency, after v(() -H), 
is certainly the one most likely to be markedly influenced by association. Its 
identity in the monomer is a crucial point. The present evidence suggests, 
and the correlation with the frequencies in the D-substituted formic acids i.s 
taken to confirm, that this frequency is at 1208 cm.-*. Fig. 4 shows that the 
latter is the absorption which decreases most markedly as the 1363 cm.-* band 
increases. The value 1208 cm.-* for the deformation O—H frequency is sensibly 
related to those in other molecules. In monomeric methyl alcohol a similar 
frequency is below 1100 cm.-*: in phenol *® it is near 1170 cm.-*. Consideration 
of the intramolecular interaction in the carboxyl group certainly leads one to 
anticipate that ^e corresponding frequency will be higher there than in the 
simple hydroxylic compounds. The pronounced shift in the frequency on 
association (Av ^155 cm.-*) is significantly greater than for the alcohol or 
phenol: this conforms to the greater strength of the hydrogen bridge in the 
dimeric acid. The bands at 1205 cm.-* in II. COOH ’ and 1206 cm.-* in 
D , COOH *« appear to be replaced by bands at 972 and 945 cm.-* in 11. GOOD 
and D . GOOD respectively.’ These give the values 1*23 and 1*27 for the fre¬ 
quency ratio 80H/80D in corresponding molecules. In GUaOH the same 
factor is 1-19 : this degree of concurrence is satisfactory. 

The band at 1x03 cm.-* is also more prominent in solutions containing a 
larger proportion of monomer, although the relative increase in peak height is 
l^s than for the band at 3208 cm.-*. This is not inconsistent wiili the alloca¬ 
tion of this frecjuency to i.e. to the v(C—O) mode : it is a monomer fre<[uenoy 
but is not so intimately connected with the association process as the 1732 
and 1208 cm.-* frequencies. 

In the formate ion the (C—^H) deformation frequency was placed at 1060 
cm.-*: consistent with this the 10O4 cm.-* band in formic acid, which is assigned 
to the same mode (v*), is quite insensitive to the monomerdimer change. 
An interesting feature is the significant change in this frequency between the 
vapour (1033 cm.-*) and solution (CCI4 : 1064 cm.-*). Unlike the 8(0—H) 
vibration which can be regarded as stabilized by intramolecular interaction, 
the (C—H) group is essentially “unprotected*' in H . COOH. Additional 
constraint on its angular movement will arise in solution from the polar forces 
which can be represented as 



, Fhially Fig, 4 establishes that the 927 cm,-* band (917 cm,—* in vapour) 
arises from the associated molecules. It is provisionally allocated to one of 

** Davies, J. Chem, Physics, 1948, 16, 267. 

*• Hermann and Williams, /. Chsm, Physics, 1940, 8, 447. 
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the out-of-plane vibrations, e.g. the out-of-plane 8(0—^H) vibration in the 
dimer. The above conclusions are summarized in Table IV. 


TABLE IV 


Vapour Phase 

Solution in CC]« and CSs 

Assignment 

Dimer 

Monomer 

Dimer 

Monomer 

r (cm.“i) 

p {cm.-i) 

p icm.-!) 

p (cm.“i) 

— 

3576 

_ 

3505 

V, = v( 0 —H) 

3080 

— 

2922 

— 

— 

— 

2943 

—- 1 

2930 

V , = v(C—H) 

^530 

— 

— 

— 

— 

1740 

1770 

1732 

1761 

= v(C= 0 ) 

1350 


1363 

— 

— 

— 

1205 

— 

1208 

v. = 80 /“| 

— 1 

1105 


1103 

Vi = »(C—O) 

— 

1033 


1064 


917 

— 

927 


— 

667 

— 

700 

— 

— 

— 

658 

— 

— 

\OH^ 


The Potential Function.— (a) The Formate Ion. —Using the notation 
of Fig. 3(a) the symmetry co-ordinates are : 

Class All Ai = Arj, A2 = Ar^ -f Ar,, A3 = r^Act. 

Class : A4 = Arg — Ar^, Ag = ri(AjS — Ay). 

With c = cos (a/2), s = sin (a/2), M = Wg, fti = ingjmi = 11*92, ng = nig/wg 
~ O'751, the [A] matrix becomes : 

r i^ + fll — 2C 2S o o —I 

2{flg -f 2^2) - 4^5 o ® 



With the molecular parameters already chosen (see Part I) this is converted 
to its numerical form and, via the [e] and [h] matrices and the frequency 
assignments, leads to the [d] matrix for the Class .dj. 


[ 


4-382 

0*347 

—0*108 

0-347 

6*360 

0*792 

0'io8 

0*792 

1*200 


1 


X 10* dynes/cm. 


Similarly, for Class Bi the [d] matrix is, 

[ 4*463 0'i68 

0'i68 0*157 


J X 10* dynes/cm. 
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Comparibun with the terms ol the conventional V.i*\P.F. lends io the constants 
for the latter given in Table V. 

(0 Formic Acin.—^Treated as the four-particle ukkIcI of I^'ig. 3{«), the 
following valence-force co-ordinates may be used : 

Class .*1': Ai = Ar^, Aj - A^ai A^ A/'j, 

A4 = FiiSfl - Ay), Afc roAa. 
hose lead to the fA] matrix, when A/ ;//j, coc cos a and /if 


1 1 Pi efi ty 

N. i f P2 ^ a 
\ 1 I P4 


‘‘•r; 

'3 *2 


sa— 1 2sy 


f“ Ih) "I" {* I 


Symmetrical about the 
diagonal 




* 3 


I . 

‘ I- /‘i 

I (. H ,.i(a)’. 


By Torkington’s mctliod this leads, on substitution ol the numerical values to 
the [d] matrix 


0*323 

0*000 

—0*087' 

2*287 

o*oi8 

0*631 

6*4()0 

—0*165 

0*656 


0*148 

0*047 



0*981 


L Symmetrical about 0*981 

diagonal -J 

Again, there is no difficulty in identifying the valence force potential constants 
which are given in Table V. 

For tlie four-particle model of Fig. 3(6) the valence-force co-ordinates leading 
to the [a] and [A] matrices arc : 

Class A': Ai - Ar^, Aa - A^i, A^ =“ . Afi ; 

A4 Ara, Ab - . Aa. 

and the [A] matrix becomc*s with M - 5 and /if - 

7 llf 


p, -f P4 O 

I 4 - Pi 


sixj^ 




Symmetrical about 
the diagonal 


^(I + /*») - 7 ^ 

+ 7jj^3 + ih) - (i + 

bout 


“(I -I- Pa) + ^(i 4 Pi) 
J a a 
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With the given frequency assignment, the derived [dl matrix is : 

7*12 o o 

1^-28 —0-07 

0-58 


347 


o*o8 

0 

2*12 

0*62 

0*35 

0*13 

6*.^o 

0*72 


* 1*00 


Symmetrical about 
diagonal 


The valence-force constants are given in Table V. 


X 10® dyncs/cm. 


TABLE V 



CH 

CH-0 

/i/Vi. 

0 

H 

H 

Force Constant 

/“\ 

oil 

i 

i 

/\ 

0 0 

/(C= 0 ) . . 

i4*Oo 

14*28 

H*Ob 

_ 

/(C=0) . . 

— 

— 

— 

lo-Sj • 

f(O-0) . . 

5-o« 

6-4o 

6-4(1 

— 

0 0 

V 

O’Sg 

I-Oo 

0*98 

— 

• 

— 

-- 

— 

I* 2 o 

/(O-H) . 

— 

— 

4*78 

4*38 

/(0-H) . . 

— 

ris 

— 


Ki) • 

— 

0*58 

— 

— 

«5)- ■ 

— 

— 

0 *l 6 

0 *l 6 

/{A»'o-hA''o=o) ■ 

_ 

0 * 0 o 

_ 

_ 

/(Aro-nAj-o-o) . 

— 

— 

0*53 

0*35 

/(Aro-aAfo • 0 ) • 

— 

— 

0-32 

0-38 

/ (A^esao 0 ) • 

i- 8 i 



i*9o 

/(Aj'oaAa) . 

— 

— 


-o-ii 

/(Ayo“oAa) . 

O’Gj 

0 ’ 6 a 


0-78 

/(A»'o_oAa) 

0-64 

0*78 


— 

/ (Aro —0 Aro— h) • 

— 

— 


— 

/(Af-o-oA/S) 

— 

0-36 


— 

/(AaAjS) . 


0*13 

IH 

— 


Discussion 

It is fully appreciated that the results in Table V represent only one 
possible set of constants derived from the general quadratic potential 
function satisfying the frequencies observed in formic acid. These factors, 
however, are no more arbitrary than the force constants derived by more 
restricted methods which would be equally difficult of application in 
uns3rmmetrical molecules such as formic acid.' As Torkington has pointed 
out, the elements of the [d] matrix can be adjusted when it is desirable 
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to fit any well-established value for a force constant and, in particular 
(what would be very helpful in our present state of ignorance) any 
theoretical indication of the negligible value for certain of the cross-term 
constants can be written into the final solution by such adjustment. 
Apart from Torkington's own findings, the generally significant value of 
the constants in Table V is obvious : thus the concordant values for 
f{C— 0 ) in throe calculations, 14*15 0*15. and the* sensible decrease of 

/(C—^H) in going from the acid to the ion, ('ontorming to the frequency 
change 2943 -> 2816 may be cited in this connection. Accordingly, 

\vithout pursuing the finer details of th(^ picture, the following aspects 
ol the force constant values deserve attention. 

The f{ 0 —^H) bond-stretching constant is lower than that usually 
ascribed to this bond (cf. Herzbrrg,^^ p X93 ; 7*66). This can be explained 
by the lengthening of the O—bond by intramolecular forces. A 
comparison with the OH radical and HaO molecule shows a consistent 
change in this respect. 



OH 

HjO 

H.COOH 

*-(OH) A; . 

0-971 

0-958 

0-98 ” 

/(OH) m 10® dynes/cm. . 

7*12 

7-76 

7*12 


Similarly the change in f(C —H) on going from the acid to the ion may 
be related to a partial change in the state of hybridization of the carbon 
atom in these two structures. 

The values obtained for the carbon-oxygen force constants arc of 
especial interest and a comparison with those in a number of other mole¬ 
cules may be made. 

TABLE VI 


Molecule 

CO 


n| 

CHaCO 

COa" 

CHaOH 

Force constant X dynes/cm. 

Linnett . 

18*9 

15*5 

14-2 

12*3 



Wu« .... 

— 

15-9 

i6-o 

I2-I 

6-2 

5*8 

r(CO) X TO® cm. 

I-I2 


1-20 

1-225 

1*33 

1*43 


Methyl alcohol and formaldehyde correspond to the conventional 
single and double carbon-oxygen bonds, the values for carbon .suboxido 
and carbon dioxide being taken to indicate appreciable triple-bond 
character. Although the / values of 14*1 and 6*4 found in II.COOH 
would accordingly suggest values of the bond-order somewhat in excess 
of 2-0 and i-o respectively, the reality of that condition is doubtful. 
Thus, if Gordy*s approximate relation for carbon-oxygen bonds, 

/= 1-67 0-30 

is solved for N, the values are 1*94 and 0*90 respectively. These values 
differ ontly insignificantly (and in the unexpected direction) from 2*0 and 
1*0, and they are not consistent with the orders suggested solely on the 
basis of the bond lengths: i.e. 1*71 and 1-30 (see Part I). These in¬ 
consistencies may arise from the uncertainty in the " standard " /-values 

Davies and Sutherland, J. Chem. Physics, 1938, 6, 755. 

litmett, Qi*a/rt, Rev., 1947, 73* 

1* Wu, Vibrational Spectra and the Structure of Polyatomic Molecules 
(Edwards, Michigan, 1946). 

Oordy, J. Chem. Physics, 1946, 14, 305. 





















ORVILLE THOMAS 349 


and their dependence upon the cross-temib included m the potential 
function. 

In the present instance, a reference to the treatment of formic acid 
as an unsymmetrical three-particle system shows that the expression 

equated to 47r* ^ V (s* term fixed by the acceptance of the set of funda- 

mental frequencies) is of the form : 


nC= 0 )A + f{C- 0 )B + 




Af B and C are positive constants and a consideration of the remaining 
terms shows that, provided Aa > /13 as is both generally expected and 
certainly found in practice, then the inclusion of the cross-terms m- 


evitably increases the values of /(C=0), /(C—O) and f\ 


Thus 


the apparently higher values of the bond force constants in the present 
treatment may arise from the inclusion of a more complete set of cross- 
tenns than was used for the other molecules. In general, there is every¬ 
thing to be said for including these cross-terms in the carboxylic acid 
where appreciable bond interaction is anticipated. 

Resonance with an ionic structure has provided a commonly advocated 
interpretation of the (classically) unexpected features of the carboxylic 
group. Thus Pauling*! based his comments on the possible analogy 
between the —and —COOH groups. If this were significant, then 
the bond orders and force constants of the carbon-oxygen bonds would 
tend in the direction of equality. Whilst the bond lengths certainly 
conform to this behaviour, the force constants do not. It is difficult to 
see at present which, if either, of these two criteria provides the correct 
^sessment. MuUiken, Riecke and Brown ** have concluded that there 
is pronounced hyperconjugation in all carbonyl compounds. If 
feature were present in an extended version in the carboxyl group, a 
structure representable electronically as shown would be a possibility. 



This model would appear to be in sensible agreement with most of the 
results presented in this study of formic acid: e.g. the (C—^H) and 
(O—^H) force constants are on the low side, whilst both carbon-oxygen 
values may be taken as on the high side of their norms. The bond-length 
r(C=0) 1-27 A is one of the apparently inconsistent items. 

The foregoing discussion has related principally to the bond-stretching 
force constants. Qualitative deductions at most can be based on the 
re ma ining terms of the potential function, if only because of the absence 
of any accepted set of ** normal " values for these factors. 

The deformation force constant for the OCO angle is (in units of 10® 
dynes/cm.) near i*o in formic acid and increases to 1*2 in the formate ion. 
This increase is expected £rom the additional repulsion between the oxygens 


*! Pauling, The Nattire jof the Chemical Bond (Cornell Univ, Piess, 1939), 
pp. 187 et seq, 

**Mulliken, Rieke and Brown, J. Amer. Chent. Soc,, 1941, 63, 41, 
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when they share the ionic i liargo. T]ic values are both understandably 
higher than is froqiK‘nt]5^ found for deformation tonsiants. Comparing 
the C—H and O—JT deiormation constants, it is seen that the former is 
notably low and. for an X -if deformation, the latter is perhaps high. 
These arc readily accepted fc'atures. 

Of the cross-term constants, uiuch the most significant is /(A^'o-bq Ar^^o) * 
the different solutions give this as 2*o :L x to® dyncs/cm. 'Phis high 
value is a measure of the degree of coupling betwcum tlu* electrons forming 
the two bonds. Its range of values agr<‘cs exactly with that found by 
Torkington* in the closely related NOa molecule : a value of 1*4 occurs 
for the same factor in the linear NgO molecule. Coiilsoii, Duchesne and 
Manneback have suggested that such cross-terms arise from resonance, 
atomic interaction, and hybridization cficcis. All these contributions 
would be expected to be positive in the present instance, which accounts 
qualitatively for the large value observed. The same authors indicate 
that /(AfAa) for non-linear triatomic molecules will bo of the same order 
as/(A;'iAf'2)- Values oC o*6 to 07 arc consistently obtained for the cross- 
term in question, and it is a satisfactory fcatun^ of the results that 
/(Aro-oAa) and/(Aro-o Aa) are sensibly equal: in the formate ion they 
are reduced to a single factor. The greater value of /(Af’e-nArosso) 
of/(Aro-H ^3.y be indicative of hyperconjugation to the double¬ 

bond such as is mentioned above. Finally, the zero value of the cross¬ 
term /(Aro— hA^o-o) is entirely reasonable. 

The author wishes to express his gratitude to Dr. Maiisel Davies 
for much helpful discussion and encouragement. Acknowledgment is 
due to the Royal Society Grants Committeo for the ])rovision of a 
calculating machine. 
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®®Coulson, Duchesne and Manneback, Contribution a Vetude de la structure 
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Cells are lor the most part small objects of the order of size of 5 to 50 
microns, and the cytologist is concerned with the demonstration and under¬ 
standing of structural detail within them. The microscope has always, 
therefore, been a fundamental physical tool in cytology. During the last 
twenty years or so advances in physics, and a better appreciation of the 
value of the tools of physics in the understanding of biological problems, 
have led to a much closer collaboration between workers from the two 
fields of science. One of the consequences of this is the present Discussion, 
which is largely concerned with new (and the elaboration of old) optical 
techniques in the study of biological problems. The proper use of the 
microscope and the spectrograph, and their union in the field of micro- 
spec trography will receive a large share of the available time. The 
methods, assumptions and associated calculations imderljdng the work 
of the Stockholm school m the cytological use of ultra-violet radiation 
have been the subject of considerable controversy during recent years, 
and it is proper that these matters should be thoroughly discussed so 
that the implications of this imj^ortant pioneer work shall net be any 
longer misunderstood, I bhall return to some aspects of these questions 
later. But meanwhile I think it important that we should not forget 
the wider implications of optical methods in cytology. In order that 
our Discussion shall not become loo narrow and distorted I shall take 
a rather broad view ol the field in these opening remarks. 

In the first plane, the importance of microscopic methods should not 
blind us to the value of the macroscopic ones of ordinary spectroscopy in 
the study of cells. Examination of red blood cells or yeast cells * in 
suspension by such means gives us a great deal of information about the 
haemoglobin or cytochrome components, as Keilin ^ and others have shown. 
But it is only rarely that a macroscopic method can give us information 
relating to components of a cell, unless indeed those components have 
already been isolated by some chemical or physical means, in which case 
their cytological identity may well be in doubt. Such approaches are 
valuable as accessory methods, particularly in the clarification of the bio¬ 
chemical mechanism so closely bound up with structure. Haemoglobin 
may be studied {a) by a macrospectrometric examination of the cells 
containing it; {h) by a microspectrometric study of single cells the 
isolated solution,® and the crystals ® prepared from such solutions. For 
the most part, however, this Discussion will centre on microscopic and 

* Dhdrd in 1906 was the first to show that the ultra-violet absorption of 
yeast cells at 2600 A was due to the purine and pyrimidine constituents of the 
(ribose) nucleic acid. 

1 Keilin and Hartree, Nature, 1940, 164, 254. 

® Haemoglobin, ed. Roughton (Butterworth, London, 1949). 

® Perutz, Proc, Roy. Soc. A, 1949, 195, 474. 
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microspoctromotric mothods of sludyuig colls. N<'v<Tthd(‘ss, li is im¬ 
portant to realize that oven in such an arbitiarily chosen method as in¬ 
dicated by the title of this Discussion, \ve art' by implication drawong on 
a very large nninbor of techniques to some <'xtent foreign to our main 
theme. A successful attack on the study of cells reciuircs a vor^'' broad 
approach combuimg, wherever J)os^slbl<^ a miinbor of mc^tliods. 

Before the meeting enters into the didailed discussion of more or less 
precise optical nu'tliods for the study ol celN it is instruclive to survey the 
larger held very biiefly, in order to consider not only what nictliods an^ 
available, but what kind of information the methods are likely to yield, 
havmg at least some regard to the tcclmiques and diflicult ies associaletl 
with the various methods. 

The growth, differentiation, and architecture of cells depends ultimately 
on the assembly of molecules into particular structures. Such structures 
may in themselves contain the enzjnnes responsible for the chemical dyna¬ 
mics of that or some other part of the cell at any given time. Mito¬ 
chondria have, for example, been suggested as the scat and origin of ribose 
nucleic acid.* * 

At the present time one of the most valuable mothods of obtaining 
evidence about the molecular architecture of the cell is the electron micro¬ 
scope. As a rough figure good electron microscopes arc not y<'t able to 
resolve neighbouring objects whose distance apart is much loss than 30 A. 
The electron microscope is at present performing a valuable function in 
giving detailed information on the micromorphology of colls or their 
components. Examples of importance are th(‘ detailed structure' of the 
nuclear membrane,® the myofibrils of vertebrate muscle,® the micro- 
structure of spermatozoa,’ and vaccinia virus.® It will be noticed at oueo 
that the examples I have given are of two types : 

(i) Material consisting of whole, comparatively uixlreatt'd, oi'lls; 

(ii) Cellular components. 

Attempts to sub-divide cells by new methods of sectioning are being 
developed,®* but arc not yet entirely successful. 

The electron miscroscope may also be induced to give information on 
crystalline extracts of secretions or other cellular material, e.g. odestin, 
insulin, and catalase, “ thus providing an import ant link with X-ray 
crystallography.t More important from our immediate point of view is 
the indication that the electron micro.scope may have a considerable futur<', 
esi>ecially m the study of material of type (i), relating to the cytochemistry 
and chemical architecture of cells, as distmet from .structure unrelated 
to function. This possibility is being pursued in a numlxT of ways : 
(a) the .slow and perhaps painful development of eh'ctron stains of a 
specific nature J (Bell, Danielli and Lamb, unpublished); {h) the study of 
cells specifically treated by solvents or enzymes to remove particular 
components. 

The possibilities and difficulties of improving the resolving |K)w<‘r of 


* Ludford and Smiles, J, Roy. Micro. Soc., 1950, 70,194. 

* As Wilkins *® points out, a slightly out-of-focus object gives rise to plioto- 
graphs simulating phase-contrast and absorption effects. Cheat care must 
therefore always be taken to ensure accurate focusing in ultra-violet work. 

® Clallan and Tomlin, Proc. Roy. Soc, B, 1950, 137,167. 

« Draper and Hodge, Austral. J. E^ept. Biol., 1949, 27, 465. 

’ Randall and Friedlaender, Expt. Cell Res., 1950, i, x. 

® Dawson and MacFarlane, Nature, 194$, 161, 464. 

* Baker and Pease, ibtd., 1949, 163,282. 

Newman, Borysko and Swerdlow, Science, 1949, no, 66. 

Hall, J. Amer. Chem. Soc., 1949, 71. 

* t The <a7stal may not normally grow in a habit best suited to give the 
miormation most wanted by the X-ray (rtystallographerB. 

J Phosphomolybdic and phosphotungstic acids do not appear to be specific. 
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electron microscopes beyond thoir present figure have been considered 
by many, particularly by Gabor,^® who has shown theoretically that a 
diffraction pattern of the object obtained by means of a coherent beam 
of electrons may be reconstructed opticall}^ to give detail down to 5 to lo A 
If this scheme should show the success it promises, the possibilities (con¬ 
sidered merely from the viewpoint of this Discussion) of adding consider¬ 
ably to the functional information on colls are very important. More 
recently Scherzer has discussed the problem from a different standpoint. 

I have introduced this paper by a consideration of some of the features 
of electron microscopy in relation to cells for two reasons. Firstly, the 
electron microscope is essentially an optical instrument and it is, I think, 
essential at the outset of a discussion such as this to approach our subject 
in a broad and fundamental way. Secondly, I think that our knowledge 
of cells will increase more rapidly whenever we are able to bring to bear 
the techniques of the optical and electron microscopes on the same material. 

The application of X-ray diffraction techniques has usually been ap¬ 
plied, for example by Astbury and collaborators, and by Bear,^® to 
fibrous material such as muscle which forms an organized S5mcytium, or 
to intercellular material such as collagen. The study of molecules in 
solution by X-ray diffraction or optical scattering methods involves, 
essentially, isolation of the material to be studied and lies outside the scope 
of the present meeting. The proper assessment, however, of light scatter¬ 
ing by cellular components is of the greatest importance in microspectro- 
graphy of biological material. X-ray absorption methods, both in re¬ 
lation to the microscopic image, and as a cytochemical tool, have been 
well considered by Engstrdm in his paper at this meeting and elsewhere.^’ 

The possibihty of electron diffraction in the study of biological material 
and crystals is at present being examined. 

Most of the methods so far mentioned lie outside the scope of the normal 
biological laboratory. We now come to the range of wavelengths more 
conventionally regarded as optics; but even here our considerations 
stretch in wavelength from 2000 A to several microns. Within this range 
several methods and correspondingly different types of technique and 
information are involved : 


A 

Visible 

Microscopy 


' (i) Good apochromatic instruments. 
{z) Phase-contrast. 

■< (3) Fluorescence microscopy. 

(4) Polarization microscopy. 

^ (5) Interference microscopy. 


B 

Ultra-Violet < 
Microscopy 


“(i) Ganventional refracting instruments of quartz or ultra¬ 
violet transmitting components (with or without phase). 

(z) Modifications of (i) to allow obseivation of living cells and 
detailed absorption measurements.(with or without phase). 
(3) Reflecting microscopes for achromatic photography of cells 
in ultra-violet. 

^ (4) Reflecting microscopes combined with u.-v. spectrometers 


c 

Infra-red 

Microscopy 


} 


Reflecting microscope and infra-red spectrometer. 


A. Standard microscopical equipment, though by no means always as 
good as it should be, will remain a valuable adjunct of all cytological work. 
Two points only of a technical nature will be mentioned here : that the 


Gabor, Proc, Roy. Soc. A, 1949, 197, 454. 

Scherzer,/. Apph Physics, 1949, ao, 20. 

“ Oster, in Progress in Biophysics, 1 (Butterworth. London, 1950)4 
“ See, for example, Rudall in Progress in Biophysics, i. 

Bear, /. Amer. Chem. Soc., I945» 67. 

^® Riley and Herbert, Biophysica Acta, 1950, 4, 374. 

” EngstrOm, Acta Radiologica, Suppl. 53 (Stockholm, 1946). 
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objective surfaces are not always accurately figured may be seen from the 
interferograms published by the mannfaotunTs ; and that iniinersioii 
liquids and coverslips are iu urg<'nt need of standardizatiou. 

In spite of the long-standing inadequacy of the theory of th<' complex 
microscopic image, there is still tt)o great a tendency io interpret images 
beyond the limits iiidicat(‘d by theory. As few jdiysicists, and fow(‘r 
biologists, have taken the trouble to uud(‘rstnnd th<‘ tlieoxy a word of 
caution is not out of place hen*. 

Phase-contrast microscopy, in spite ol the slow Realization of its jiossi- 
bilitics, has come to stay tind is of great value in the study of tlui medium- 
scale structure of living cells.^® It is also proving to have a siwcial value 
in relation to ultra-violet microscopy. I refer Jiere not to the direct use 
of phase-contrast in the ultra-violet,^® but to its use in choosing a suitable 
field in the visible prior to ultra-violet measurement or photography. The 
papers by Davies and Walker make further reference to this aspect. 

The phase-contrast optical system is as yet primarily a tool for the 
study of living cells, whereby small objects or structure within a cell 
differing only slightly in refractive index from their surroundings may be 
distinguished. The limits to resolution fundanu^ntal to all optical instru¬ 
ments apply equally to this. 

The method of fluorescence microscopy is receiving little attention in 
this Discussion,®^ but its possibilities as a cytochcniical and structural 
tool should not be ignored. 

The polarizing microscope has long been used in the study of cells and 
detailed accounts have been given by Frey-Wyssling ®® and Schmidt.®® 
By its very nature, the method is pariicukirly valuable in strongly oriented 
plant or animal material (plant walls or sperm-heads). By this means it 
is easy to observe birefringence. The determination of the thickness of 
the observed object is, however, often loss easy as it may well lie near the 
limit of resolution. Fundamental determinations of orientation or con¬ 
centration of a given cell component, such as nucleic acid in a sperm-head, 
are not therefore easy and the method is not devoid of deep pitfalls for 
the imwary. Swann and Mitchison have recently made improvements 
by means of which path differences as small as a few Angstroms can be 
measured. 

A further important application of the method has recently been made 
by Wilkins and others ** in the study of nuclcoprotein crystals of tobacco 
mosaic virus in the livh^ coll (leaf-hair cells of the tobacco plant). It has 
not so far proved possible to isolate such crystals from the coll and the 
direct observation of a specific substance in a living cell is probably 
unique. A most interesting physical point is that the lamolhie of virus 
rods forming the crystal are about the same thickness as the virus rod is 
long. The separation between layers is ca, 3000 A. In ccmsequcnce, 
optical diffraction oflects analogous to Bragg reflexions in X-ray diffraction 
may be observed in the polarization microscope with this material. Ob¬ 
servations on material extracted from cells (e.g. nucleic acid) have fre¬ 
quently been made. This type of application has its repercussions on 
cytology, but cannot be discussed further hero. Dichroism in the ultra¬ 
violet and infra-red is briefly discussed later in this paper. 

The interference microscope has been proposed at various times over a 
number of years and is not of course contoed to biological material. 
The method depends on the interference of two light beams that have 

Hughes in Progress in Biophysics, 1 (Butterworth, London, 1950). 

1® LuoEord and Smiles, (unpubUshed). 

*® Davies and Walker, this Discussion. 

Seeds and Wilkins, this Discussion. 

®® Ftey-Wyssling, Siibmicroscopic Morphology oj Protoplasma and its Deriv- 
ctHves (Elseyier, 1948). 

&himdt, Die Doppelbrechung von Karyoplasma, etc. (Berlin, 1937). 

®* Wilkins, Seeds, Stokes and Oster, Nature, 1950, 166,127. 
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travelled almost identical path lengths : the difference in path is due 
entirely to the object under examination. Linnik used two identical 
microscopes for the purpose. Dyson,®® by an ingenious device, has suc¬ 
ceeded with one. 

B. Ultra-violet microscopy has been known for some long time, as the 
work of Kohler and Barnard shows; it has, as far as the purpose of 
this Discussion is concerned, two main objects. The first relates in an 
obvious way to the size of the structural unit involved. The resolving 
power of an optical instrument is given by o-6i A//i sin d where A is the 
wavelength, ft the refractive index, and B the half-aperture of the objective. 
Given comparable optical quality it should, therefore, be possible to obtain 
a factor of two on resolving power by this means. No great direct use of 
this has so far been made; on the one hand the quality of ultra-violet 
transmitting objectives has not been particularly good; on the other, 
interest has centred on the use of ultra-violet to distinguish between 
particular chemical components of cells. This aspect of the subject is 
so well-known that I shall now refer to certain features which I hope will 
receive more detailed attention at this meeting. 

Since 1936 Caspersson and his collaborators have carried out a great 
deal of pioneer work in the use of ultra-violet microscopy as a C3rtological 
method. This work has depended, as indeed does all quantitative ultra¬ 
violet miscroscopy, (i) on the development of suitable microspectrographic 
equipment and (ii) on the now well-lmown strong absorption characteristics 
of the purine and pyrimidine components of the nucleic acids in this region 
of the spectrum. The much less marked, but still valuable, absorption of 
the heterocyclic amino acid tryptophane, and the aromatic amino acids 
phenyl alanine and tyrosine, have also been used to give information about 
certain proteins. There would seem to be a number of important con¬ 
siderations still to be resolved, or at least re-examined, at this meeting. 
The Stockholm school has always attempted to be quantitative in its 
approach, but a great deal of ultra-violet work has been qualitative in the 
extreme, and correspondingly lacking in value. The time has come to 
decide whether such work has much real value for the future. 

The greater part of the work of Caspersson has been on fixed material. 
In view of the lack of detailed cytochemical knowledge of the processes of 
fixation it can legitimately be asked to what extent results on such material 
may be applied to considerations of the living cell. Until a direct quantita¬ 
tive comparison has been made with the ultra-violet microscope on living 
and fixed material, we do not know how to assess these results. This 
comparison alone is no easy task and brings out one fundamental difi&culty 
of which Caspersson has been well aware from the beginning. In early 
papers he examined the scattering of lighl by colloid^ systems, since it 
was obvious that for ultra-violet absorption measurements to have any 
real meaning corrections would have to be made for scattering. The mis¬ 
givings of some critics of the later work are in part due to lack of know¬ 
ledge as to how such corrections may properly be made in a given case, 
and what degree of accuracy may be expected in the final result. The pre¬ 
cipitation effects of fixation will depend on whether the precipitate is 
particulate or homogeneous, and on the refractive index of the surround¬ 
ings. The application of standard scattering theory is obviously difficult; 
in experimental work on fixed cells use is frequently made of the scattering 
observed at wavelengths l5ring to the long wavelength side of the main 
peak. Experimentally there is no doubt that the use of fixed material 
presents much the easier problem. To what artefacts, physical and bio¬ 
logical, the processes involved give rise is one of the real problems I 

Linnik, Compt fend, U.S.S.R., 1933, 21. 

®® Dyson, Nature, 1949, 164, 229. 

Barnard and Welch, Practical Photomicrography, (Arnold, London, 1925). 

Caspersson, J. Roy, Micro, Soc,, 1940, 60, 8. 

Caspersson, KoUo%d-Z,, 1932, 60, 151; 1933, 65, 162 and 301, 
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hope to sec discussed. The questions raised by Wilkins are very 
relevant in this connection ; for it must not be forgotten that the ultimate 
aim of all this work is to gain new knowIe<lgc of the living c'll. 

A further difficulty arises from the ellects of the ultra-violet radiation 
on the living cell. In order to obtain photographs or measurements on 
living cells considerable dosages have to be used. In recent experiments 
Davies has shown that 5 X 10® orgs/cm.* are necessary to obtain a photo¬ 
graph of sufficient detail on the most suitable sensitive film. A cell nucleus 
may occupy a volume of tin* ordt^r of xo" cm.-®. Unless, therefore, the 
absorption coefficient is very low the dosage of ultra-violet required to give 
a photograph may Ix' the <'(|uivalent of as much as to® roentgens ; the 
equivalent temperature rise is ca. 0*2® C. I'his last figure will, however, 
be affected by the thermal propCTties of the surroundings of the cell. 
Energy absorption of the order of magnitude indicated by tliese calcula- 
t ions is sufficient to inactivate tobacco necrosis virus. The effects of ultra¬ 
violet radiation on colls are serious and careful consideration must always 
be given to the inferences that may be made under any prevailing experi¬ 
mental conditions. Wyckofl was one of the first to obtain ultra-violet 
photographs of tissue culture colls. 

Significant developments of the kist few years have bccui on items 
indicated in headings b and c above. The work of Davies and Walker *® 
shows the extent to which conventir)nal refracting microscopes of 
high numerical aperture (N.A.) may be linked with monochromators and 
the photographic method, including microphotometry fis a quantitative 
means of estimating absorption in living cells. The further development 
of this work should enable a more comprehensive comparison to be made 
between the results for living and fixed material under well-d<‘fined con¬ 
ditions. For the first time (see also Mellors physical measurements of 
dosage have been made, and an apparatus built by means of which an 
ultra-violet cine-film of living cells can be produced and studied. 

Such an apparatus has disadvantages which arc removed to some extent 
by the use of the reflecting microscope. The achromatic characteristics 
of this instrument and its large worldng-distancc are now so well known 
as to need little further comment. This meeting will bo valuable in bring¬ 
ing out the advantages and limitations of (a) aspheric objectives ®® as 
designed by Burch ; {b) objectives with spherical or quasi-spherical sur¬ 
faces ; ®'‘ (^;) objectives of typo (6) combined with refracting com¬ 

ponents.®* The work described by Seeds and Wilkins on tobacco 
mosaic virus material and nucleic acid fibres is a good indication of what 
can be done in this field with well-designed instrumonlB which also allow 
for the temperature variation of the specimen. 

Further distinctions between designs of ultra-violet apparatus arc 
apparent from the papers in this volume. The value io fundamental 
biology of ultra-violet microscopy may arise in two ditleront ways : 
structural (high resolving power) and cytocliemical (.specific absorption). 
Instruments of high numerical aperture ** (say i to 1*3) can be used to 
give highly detailed pictures of colls, and the extent to which this will be 
exploited during the next few yeai's will depend on the quality of the 
objectives. Calculations by Caspersson showed that accurate absorption 
measurements cannot be expected on objects loss than 3-4 A (i.e. ca, 1 ix) 
(where A is the irradiating wavelength).* On the other hand, resolving 
power at A 2600 is ca, o*i /*. Structural information may therefore extend 
to much smaller objects than those used to give precise (^ochemical data. 

*® Caspersson, Skand, Arch. Phys., Supp., 1936, 73, 8. 

DhA:^, Compt, rend, Soc. Biol., 1906, 34. 

3 ® KOhler, Z. Wiss, Mikrosk., etc., 1904, ai, X29. 

** Barer, this Discussion. 

®* Norris and Wilkins, this Discussion. 

♦ WiUdns,*® however, thinks it is possible to obtain absorption measurements 
with an accuracy of ca. 10 % on objects 1 to 2 A in size. 
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In tli(‘ conventional ultra-violet microscope a suitable wavelength is 
selected by means of a monochromator, falls on the specimen, and is ulti¬ 
mately received by a suitable detector. Another method is to allow the 
whole spectrum of the source to pass through the specimen and achromatic 
optical system of a reflecting microscope so that an image of the object 
falls on the slit of the spectrograph (spectrohehograph technique).®^ One 
photographic plate should then contain all the relevant information on the 
given object. For some types of object it is convenient and useful to move 
the photograpliic plate m its own plane during exposure.®® 

The electron microscope allows us to see objects of molecular size and 
the assembly of molecules into aggregates and crystals. In optics the 
directions of maximum and minimum absorption of the electric vector 
(plcochroisni) may be used to give valuable supplementary information 
about assemblies of molecules or particular groups of molecules. The 
decisive nature, or otherwise, of such information depends not only on 
the electric characteristics of the molecules but on their spatial arrange¬ 
ment, In such a comparatively simple case as a purine or pyrimidine 
crystal the ring s3rstems may not all be crystallographically equi's’alent. 
Furthermore, there may be an optimum direction of absorption of the 
electric vector in the plane of the ring. These considerations are not meant 
to be comprehensive in any way, but to point to the necessity for great 
care in the interpretation of such data in all relevant regions of the spectrum. 
Paracrystalline material, such as oriented layers of tobacco mosaic virus, 
or fibres of sodium thymonucleate, may be at least, if not more suitable, 
for such investigations as crystalline material: it is by no means always 
possible to make a crystal grow in the preferred habit for such optical 
measurements to be made. Pleochroic measurements are well suited to 
instruments such as the reflecting microscope which can be used satis¬ 
factorily in the ultra-violet, visible, and infra-red regions of the spectrum. 

c. Earlier remarks have made it dear that reflecting microscope 
systems may be used in the infra-red. What precise value this application 
will have for the future depends on a number of factors as yet imresolved. 
The presence of water in most biological material is perhaps one of the 
lesser disadvantages attending application of microspcctrography to the 
infra-red. 

The very multiplicity of vibrational absorption peaks makes interpreta¬ 
tion dij 05 cult and unspecific. One likely field of application lies in the study 
of a particular material under a variety of conditions. (The example of 
musde in diflerent stages of contraction is an obvious one; Elliott and 
others have recently examined native and denatured insulin ** and Fraser 
with a high resolution microspectrometer has begun work on collagen. 
On sounder basis is the use of the method on small crystals derived from, 
or haMng biochemical importance in relation to, living material. These 
matters and others relating to them will no doubt receive much 
discussion. 

1 liave sketched in this Introduction some of the important factors of 
the wider optical approach to cytology in the hope that the value of the 
integrated approach, employing different methods, will not be neglected 
by those working in tins field. Whatever else may happen in these 
discussions, the symposium should at least achieve one important result: 

Gray, /. Opt Soc. Anier., 1950, 39, 719, 723 ; i 95 o» 40 » 283. 

®* Lea and Smith, Parasitology^ 1940, 3a, 405. 

®’ Jope, Haemoglobin (Butterworth, London, 1949), p. 213. 

®® Holiday, J. Set. Instr., 1937, 

®® Thorell, A eta Med. Scand., 1947, Suppl. 200. 

Wilkins, this Discussion. 

hlellors, this Discussion. 

‘•^Wyckolf, Eherling and Ten Louw, J. Moph., 1932, 53, 189. 
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Fraser, this Discussion. 
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the precise laying down of the princi])l<‘s and limitations of the micro- 
spectrographic method as a])plicd to biological material. Let us make 
that our aim so that the record of the Tnecting provides a landmark in the 
history of the subject. 

Wheatstone Physics Lahovatoiy, 

Kmg*s College, 

Stmnd, London, \V,C. 2. 


A REFLECTING MICROSCOPE OF 
1-3 NUMERICAL APERTURE 

By K. P. Norris and M. H. V. Wilfcins 
Received '^vst July, 1950 

Ihe construction and use of a focusing polycUrotnatic ultra-violet micro¬ 
scope objective of 1*3 numerical aperture, formed by adding a fused quartz 
amici lens to a reflecting objective, is described. 

The complete achromatism of the reflecting microscope makers it 
specially suitable for study of ultra-violet absor])lion sp(‘ctra of living 
cells. With present designs b b * the numerical a]X‘rture (N.A.) of a purely 
reflecting system cannot exceed about 0*7, and, to increase the N.A. to 
the highest value, ca, 1*3 which may be used onliving cells, it is necessary 
to add an immersion lens to the mirror system. A hemispherical normal 
incidence lens ^ only increases the N.A. by a factor equal to the refractive 
index of the lens (in our case fused quartz /x 1-5). If, however, a simple 
amici lens is added to a mirror systt‘m of only 0*6 N.A. The resultant 
aperture is increased to 1-3 by a factor equal to the square of the refrac¬ 
tive index. Such an amici lens must, however, be refocus(‘d for different 
wavelengths. 

Our reflecting objective with an amici lens has the following characteris¬ 
tics which enable it to satisfy the various rctiuirements of microspectro- 
graphic work. 

(i) The objective has the highc.st possible N.A., a negligible central 
obstruction (19 % of N.A.), and is entirely free from sph<‘rical aberration 
at all wavelengths Ininsmitted. As a result, th(‘ li^^t distribution iii the 
image may reproduce as nearly as possible the variation of transmission 
from point to point in the object, 

(ii) The exceptionally high N.A. enables almost all the forward scaltcicd 
light from the object to be collected, thus reducing errons in absorptioji 
measurements. 

(iii) Light passing through the objective ivS twice reflected by front 
aluminized glass mirrors, and once refracted at a fused quartz-air interface. 
As a result, transmission of ultra-violet light through the system is ex¬ 
ceptionally high and radiation damage to the specimen is made a minimum. 

(iv) Although not achromatic, the objective may bo changed in focus 
from one wavelength to another and this motion is exact, rapid and simple 
in operation. 

(v) Three spherical surfaces only are used on the optical parts of the 
objective and tihere is, therefore, no difficulty in obtaining these. 

1 Burch, Proc. Physic, Soc., 1947, 59, 41. 

® Seeds and Wilkins, Natun, 1949, 164, 228. 

* Norris, Seeds and Wilkins (in preparation). 
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Fig. I 


Design of the Mirror System.—^The j&rst designs used by us had N.A. 
0*5 and 45 % central obstruction.® Experimental work using the microscope 
interferometer ® showed it was possible, by increasing the ratio of the radii 
of curvature of the two mirrors, to attain a design with only 19 % central ob¬ 
struction with exact spherical correction to above o*6 N.A. The objective is 
made large (diameter of concave mirror af in.) so that -the focal length (1-5 mm.) 
is not inconveniently small. The field of the objective is not large, but is adequate 
for micro-.pcctrographic work. 

Effect of Central Obstruction.—^Dall,^ by careful visual inspection of 
critical objects through a telescope, has decided that central obstruction up 
to 20 % has no detectable effect on the image. When the cential obstruction 
is increased above 20 %, contrast in fine absorbing detail is reduced progres¬ 
sively owing to the fact that, in the image of a point, relatively more light is 
thrown into the difEraction rings than 
into the central Airy disc. This effect 
is usually not very obvious until the 
central obstruction is greater than 35 %. 

Amici Lens.—^The principle of fhe 
amici lens, which is added to the reflect¬ 
ing objective, may be understood by 
reference to Fig. i. ABODE is a sphere 
of fused quartz of refractive index /n, 
with centre O and radius r. The dott^ 
spheres have radius fjo' and rhi. P and 
Q, which are two points on these spheres, 
are then the aplanatic points of the 
sphere ABODE. Thus, for an object 
placed at Q all rays appear to diverge 
from the point P. If the sphere is cut 
along the line BE, and BEA is removed, 
it becomes quite practicable to place an 

object at Q, and the system will remain aplanatic if the space between Q and the 
lens is filled with a liquid of the same lefractive index as that of the lens. 

If sin B is the N.A. of the objective which is to receive the rays diverging 
from P, we have sin 6 ' = fi sin 0 . Furthermore, since the N.A. is defined 
as fi sin 6 ', where fi is the refractive index of the materi^ in which the object 
is immersed, the total numerical aperture of the system is sin 6 . For fused 
quartz /Lt® ^ 2*25. Thus when an amici lens is added to a mirror system of 
0-58 N.A. the resulting objective has an aperture of i* 3 - . 

Refocusings—We have already seen that the aplanatic points of the sphere 
are at a distance fir and rjfi from the centre of the lens. When the refractive 
index changes by 5ft the aplanatic points move distances rhfi and — rSfijfi^. 
LA P' and Q' be two such points. In practice it is inconvenient to move the 
large and heavy reflecting objective on a fine adjustment so that it is always 
in focus on the point It was decided to fix the objective and point P, and 
to move the lens and the stage to maintain the object at the other aplanatic 
point. In order to do this the lens must move rBfi and the object r8ft+(»'Sft/ft®). 
movement of lens rbfi _ i 

movement of object rBfi -1- {rSfilfi^) i 4" 

If the objective is to be used between two wavelengths where the refractive 
index of quartz is fq and then 

movement of lens_i_ 

movement of object i + 

For the range 546 mfi to 238 mfi ratio of movemente = 0*687. This is the 
ratio of distances the lens and object must be moved in order to keep the ob¬ 
jective in focus and free from spherical aberration as the wavelength is changed. 

The total movements necessary to maintain the objective in focus are pro¬ 
portional to the radius r of the amici lens; the reasons for keeping these small 
are as follows. 

(i) Many of the spectral lines from a mercury arc sore either multiple or 
bro^, resulting in chromatic aberration which is proportional to r. 

(ii) Since the stage moves more than the lens the movement is restricted 
by the thickness of immersion oil. Allowing for a thickness of oil of o*i8 mm. 


M * 


* Dali, J. Brit. Ast. Ass., 1938, 48, 1C3. 
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tlie radius of the lens must be less than o*x() in. for the objective to bo used over 
the range 54b to 234 m/i. 

(iii) The depth ot focus ol the objectively only 100 ni/< and it is desirable to 
keep the total movement as small as possible in iclation to this. 'I’Ik' ease of 
focusing the objective correctly increases as the total movement decreases. As 
a result, v wjus made as small as possible, ami along these lines an imineisioii 
lens compatible with the use of a o-aS mni. qimrtz (overslip was ilesigned. 

Immersion Liquid.—Johnson and Martin® have desciibed a method of 
pieparing suitable immersion iKpiitls fot an ultra-violet inonoohromatu' objective. 
For our objective the.se liquids were unsuitable and an investigation ® resulted 
in M-liexiidccaiie being used. Although the dispersion is not eijiial to that ol 
cpiartz, it JS still jiobsibh* to corn‘ct the objective for all wavidengtlis. 

Mechanical System.—^'fhe ineclianism ior moving the lens and stage in 
the right ratio lor adjustment with wavelength consists of a number of Jinks 

and levers driven by the micrometer 
screw S (Fig. 2). When the lens is 
adjusted for use at a jiarticiilar wave¬ 
length the object is then brought into 
Jocus by a further line adjustment screw 
which rotates the stage about an axis 
through the centre or the balls A and 
A'. This motion is independent of tlie 
adjustim^nt for change of wavelength. 
All these motions are rotations about 
axes through the centres of st<‘cl balls 
in trihedi al holes in sleid. The motions 
are kinematic and therefore free from backliish, and, to a first approximation, 
independent of wear. The micrometer scicws for wavelength change and fine ad¬ 
justment are turned by 9 in, long lovers, so iliat a movement of the end of tlie lever 
of 1/4 mm. over a scale moves the stage xoo m^u. When using the microscope, 
the object is fii-st focused in visible light using the fine adjustment lever : next, 
ultra-violet light is admitted and the wavelength lever is moved to a previously 
determined position on the scale. The fine adjustment is then used to give 
a focusing range through the object. By photographing pin-holes with the 
levers set in varying positions it is possible to find a position for boih levers, 
such as that the second-order spherical aberration introduced by the immersion 
liquid is compensated by using the lens at a focus slightly removed from the 
aplanatic points for that wavelength. In this way the instrument is calibrated 
in terms of wavelengths. 

The preliminary adjustment of the objective in visible light is similar to the 
adjustment of a dry objective.® Firstly, the mirror system is adjusted ior coma 
zero spherical aberration using a pin-hole object without a coverslij). The 
pin-hole is then covered by a fused quartz coverslip, the amici U»ns is added, 
and oil placed between the lens and the slide. By viewing the iinag<^ of a pin¬ 
hole, the large objective may be moved on a line adjusimtmt fitted to the micro¬ 
scope body until the separation of tlie lens and the mirror system is such that 
the image above and below focus has a similar app(‘arance ; the complete ob¬ 
jective is then free from spherical aberration. 'I'he final adjustment consists in 
centring the amici lens until the centre of the fu‘ld shows no coma. 

General Arrangement of Apparatus.--'riio condenser used witli this 
objective is a purely roflccling system of o^Si N.A. and 30 % central obstruction, 
and the light obstructed in the objective is removed by the obstruction in the 
condenser. Since the hole in the condenser concave minor is always larger 
than the convex mirror it is necessary to interpose stops so that tbe light wliich 
passes into the objective has been focused by the condenser. A lus<jd quail/ 
right-angled prism is used to reflect light from the field stop into the condenser. 
Interposed between the field stop and the prism is an inclined mirror which 
reflects light from an alternative phase illumination system into the microscope. 
This illumination is used for focusing the objective in visible light and for 
photographing objects under phase contrast. 

For work on living material the microscope is enclosed in a Perspex incubator 
with all the microscope controls outside. Under tlio base are heaters so that the 
temperature of the ste.ge may be maintained constant. A kinematic ball-bearing 
mechanical stage is provided and is driven by a pantograph outside the in- 

® Johnson and Martin, J. ScL Tnsty., 1928, 5, 337 ; 3H0. 

® Morris (in preparation). 
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cubator. This device not only allows the stage to be moved in any direction, 
but it facilitates searching and returning to a particular object on the slide for 
further study. 

We wish to thank Prof. J. T. Randall, F.R.S., for advice and encourage¬ 
ment ; Dr. C. R. Burch, F.R.S. and Mr. W. E. Seeds for useful suggestions ; 
and Mr. H. E. Gunn and Messrs. R. and J, Beck Limited for making the 
optical parts. 
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SOME ASPECTS OF MIGROSPECTROGRAPHY 


By M. H. F. Wilkins 
Received %th August, 1950 

Simple theory is given for errors in microspectrography due to (i) use of 
very small objects, (ii) refractile and non-refractile objects being slightly out of 
focus, (iii) aberrations in the microscope objective. Dichroism of nucleic acid 
is also discussed. 


The present paper is a discussion of some aspects of ultra-violet micro¬ 
spectrography to which attention has been drawn by preliminary experi¬ 
mental work in our laboratory. Some of the ideas presented have not been 
tested experimentally and it may be found necessary to modify some of 
the conclusions, most of which have been derived by very rough theory, 
and some of which are probably by no means new. 

Minimum Size of Object for Microphotometric Study.—Caspersson ^ 
has dervied theoretically the minimum width of a strip object, the absorp¬ 
tion of which can be measured to i to 2 % as 2 to 3 A for an objective of 
I'3 numerical aperture (N.A.), but states that the practical limit for ac¬ 
curate microspectrography is 3 to 4 A. 

The writer thinks that absoiption measurements may usefully be made 
on objects as small as i A and, as much absorbing matter in living cells is in 
the form of small bodies of about this dimension {ca, 0*25 ft), the feasibility 
of such measurements has biological importance. 

An exact ditEraction theory of this problem does not appear to be 
available, but the physical arguments given below should be roughly 
correct. Caspersson used the Abbe theory and considered the total ab¬ 
sorption of energy by a small body. It should be stressed that the results 
below do not contradict those of Caspersson but merely place the matter 
in a somewhat different perspective. The Abbe theory undoubtedly 
holds for very small condenser apertures, but when the condenser has an 
appreciable N.A. it is well known that diffiraction patterns become smaller, 
roughly in inverse proportion to the sum of the N.A.'s of the condenser 
and objective. This may be seen as follows. If we apply the Abbe 
theory to a wavefront proceeding in a direction such that it falls just 
within the numerical aperture of the objective we find that diffracted 
light is collected by the objective for angles of diffraction twice as great 
as for axial filumination. However, because only the diffracted light on 
one side of the direct light is collected, the contrast in the image is reduced 
and the image of small opaque regions of the object appears grey and not 

^ Caspersson, Skand. Arch. Physiol., i 93 ^» 73 Suppl. 8. 
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black, and accurate niicro]>hotonietry of the imago is not powssible. For 
this reason, in the calculations below, the condenser N.A. is taken, as a 
compromise, at half that of the objective. Also it is desirable to use 
appreciable condenser N.A. to reduce out of fcKuis phase-contrast effects 
and to decrease the size of the diffraction patlerns. In jiracticx.^ it is found 
that the resulting diffract ion pattern is similar to that produced when an 
incoherently illuminated object is viewed with an objoclivt^ of N.A. equal 
to the mean of the N.A.\s of the coiid(Mi.s<‘r and ol>j<‘etivos. ITsing this 
approacli we have calculated the intensity in the eentrt» ol tlu‘ image of 
an opaque strip. For the iinidinieiisioiiai case the lutensitv of light at 
points distant y from the geometrical imago of a bright lino ol>j<^ct is given 

by —r-• where x y —; rr— mean ot the N.A. s of 

71/A 

the condenser and objective and M is the inagnificafion. 

(For the circular aperture of objective used in practice, the diffraction 
fringes are less intense but the pattern is slightly enlarged.) The intensity 
in the centre of the image of an opaque strip of width a is given by 
sin* X f ^ sill* ^ 

—r-dA' and because \ ir the lalio of the illumination 

a/2 Jo 

outside the striji to that in the centre is 

T fOO sin* AT- 

- 1 —r—dr. 

IT J ffjZ AT* 

By graphical integration the results in Tabh^ 1 were obtained for an ob¬ 
jective of I'O N.A. and condenser 0*5 N.A. 

TABLE I 


Width of Stnp m A 

Intensity of Light in esentre 
ot Ima^ of Opaque Strip 
as % of Background 
Intensity 

Apparent Density moasuted at Centie 
of Image when stnp is not opaque 

0*9 

15 

0*243 

0*444 

0*62 

1-3 

7 

0*272 

0*522 

o* 79 () 

2*6 

2 

0*292 

0*568 

0*920 

3*9 

07 

0*299 

0.592 

0*974 

00 

0 

0*301 

0*()02 

I.o 


The optical density measured at the centre of the image for diftereiit 
•widths and densities ol the strip is also given. In small rod-sliai>ed bodies 
of thickness about equal to tlioir width the density cannot be high—for 
40 % nucleic acid content the density is 0*25 in a lUickncss of 0*25 /*. 
Hence, if A is about 0*25 the density may lie determined to about 20 %. 
If the thickness is 0*4 ^ the error is about 3 %. The accuracy could be 
increased somewhat by the use of air obj<‘ctivc of 1*3 N.A. All the errors 
will be roughly doubled if round or square objects are used instead of 
strips. In infra-red microscopy small objects may bo surrounded by an 
opaque screen thus making possible use of objects of width as small as is 
compatible with measurement of the transmitted energy. 

Effect of hi^ N.A. on Path Length of Light Rays through the Speci¬ 
men.—^Parallelism of light rays and resol-ving power are incompatible; 
hen(^ in microphotometry non-parallel light must be used. The degree 
of divergence of the light rays passing through a specimen is determined 
by the refractive index of the specimen and the N.A. of the condenser, 
if large objects are used. With objects of dimensions comparable with the 
resolving power, or in regions of the specimen close to a rapid change of 
absorption, difEraction spreads the rays further. If the object consists of 
a pla'te of uniform thiefiness with its plane perpendicular to the axis of 
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the microscope the effect of a uniformly illuminated finite condenser N.A* 
may be calculated, and corresponds to an increase in effective thickness 
of the specimen.® Objects of spherical symmetry 1 show no such effect 
and cylindrical rod-shaped objects with their length in the image plane 
show much less effect than plates. Lack of knowledge of the prease shape 
of small bodies clearly makes this type of correction of their measured 
absorption unreliable or impossible. 

Effect of Aberrations in the Microscope objective.—When, in a micro¬ 
scope, one relates the intensity distribution in the image to the variation 
of transmission in the object one generally assumes a perfect objective. 
It may not be sufficiently realized the extent to which imperfections in 
the objective modify the image and cause errors in microspectrography. 
Provided the objective has been adjusted so that no coma or astigmatism 
is apparent in the centre of the field, we need only consider symmetrical 
deviations from spherical of the wavefront issuing from the objective. As 
most microspectrography can be performed using a very smil field, off- 
axis aberrations are normally of little significance and, in general, an 
objective for microspectrography may obey the sine conditions less closely 
than an objective intended for normal use (cf. Caspersson ^). 

Let us take a common example of spherical aberration, an objective 
with a zonal aberration. In a case considered by Conrady ® the aberration 
is A/4 and the intensity in the centre of the Airy disc is reduced to 73 % 
of that due to a perfect objective and light energy is increased considerably 
in the second diffraction ring. Such an objective will give about 10 % 
intensity in the centre of the image of an opaque strip 2 A wide as compared 
with IA for a perfect objective (see above). It is clear that ability to per¬ 
form photometric measurements on small objects is seriously limited when 
errors reaching the Rayleigh limit * are present in an objective, although 
the performance of the objective for visual use and its resolving power 
are ^tered little. In fact, for measurements on small objects a perfect 
objective of half the N.A. would in many ways be preferable to the above 
objective with zonal aberraton. The intensity of light diffracted out of 
the Airy disc is, for small errors, proportional roughly to the square of the 
error on the wavefront. Hence, to achieve about 2 % accuracy on objects 
2 A wide the above zonal error should not exceed A/io. 

A second important case is that of a “ cobbled " objective (e.g. Burch *) 
which has been hand-figured. In this case the error on the wavefront may 
be roughly represented as a sine wave and it can be shown that an extreme 
difference of phase of A/5 gives about 10 % of the light energy diffracted 
into a region distant from the Airy disc about n times its diameter, where 
n is the number of cobbles across a diameter of the objective aperture. 
Hence, if n is 20, 10 % light intensity is diffracted into the central regions 
of the image of an opaque strip object of width as great as 20 A and 20 % 
intensity for a round object of diameter 20 A. If diffraction is to produce 
less than i % light in the images of opaque objects the cobbling should not 
be higher than about A/15 -for the wavelength used. 

In general, one may say that small locad errors such as zones, cobbling, 
etc., are particularly objectionable in an objective for microspectrography 
as they cause light to be diffracted into the images of large opaque objects ; 
slowly varying errors covering large parts of the N.A. affect performance 
only on objects of a size close to the resolving power of the objective. 
Clearly an objective should be tested on small opaque objects. 

Central, or any other, obstruction also affects performance, 20 % 
central obstruction of N.A. causes the maximum of the Airy disc to 
drop 7 %, but most of this energy is diffracted into the first diffraction 
ring (calculated by K. P. Norris) and thus does not limit accuracy of 

® Blout, Bird and Grey, /. Opt, Soc, Amer,, 1950, 40, 304, 

® Conrady, Mon. Not, R.A.S., 79 » 575- 

* Rayleigh, Phil, 1879, 8, 403. 

® Burch, Proc. Physic* Soc., 1947, 59 f 41. 
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photometry except on the smalloht objectHigher central obstruction 
may be objectionable in some cases.® 

Effects due to the Object being out of Focus.— (a) I^hasl C'ontrast 
Effects. —It is well known that if the condenser of a microscope is sto])ped 
down differences of refractive index in the object become visible as differences 
of intensity in the image. An interpretation of this effect has been given 
to the writer by Dr. C. R. Burch, K.R.S., and the general nature of the 
argument is as follows. Let parallel light fall on K, a small objc'ct of 
dimensions comparable with the resolving ]H)wer of tlie ohj(*ctive F (Kig. i). 



Let the plane wavefront falling on E be represented in phase and amplitude 
by the vector OA (Fig. 2). Vector OB represents this light when retarded 
(due to E having a refractive index higher than its surroundings) by phase 
angle 6 , {d = i-n for retardation A.) But OB — OA H- AH ; hence the 
light falling on the object plane may be considered as a uniform plane wave 
OA plus a wave generated in the region of E of amplitude and phase AB. 
Because E has a small area, AB is diffracted into a spherical wavefront 
of uniform amplitude. OA is focused on axis at C in the back focal 
plane of F, while AB is spread out in diffraction spectra DDl). ... In 





Fig, 2. 



Fig. 3. 


the image plane of the microscope, interference between the light from the 
spectra and the central rays produces even illumination in the field. In 
the phase microscope ’ OA is accelerated in phase (generally about 90®) 
to OC which then interferes with AB to produce an image in which the 
intensity varies in a manner corresponding to the variation of d. If, 
however, our microscope is focused not at E but at G, then for rays on 
axis OA, and OB have the same relative phase but for off axis directions 
OB lags behind OA. For an angle of diffraction ^ the phase diffeitoce P 

is approximately — sin* ^ (see Fig. 3). The resultant phase w, consider- 


® Dali, J. Brit. A sir. Ass., 1938, 48,163. 
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ing all values of 4 >> if> given by a circular phase amplitude diagram, and is 

EGr 

half the extreme pheisc. Hence, if the N.A. of the objective is 0*7, 

o 

This is also about correct if the N.A. is 1-2 and E is not very small but has 
diameter equal to A or the resolving power. 

If 0 is equal to oj (Fig. 2) the image of E will be of maximum darkness 
and appears as if it were viewed with a phase-contrast microscope. The 
light removed from the image of E is spread in the form of a faint bright 
halo around E. Reverse effects arc obtained if the microscope is focused 
above E. 

Example —If B is 60® (A/6) an almost black image of a small object 
is obtained if a microscope of N.A. 1*0 is defocused approximately A, 
which is about within the depth of focus when the condenser N.A. is not 
largo. An object consisting of 0*3 ft thickness of 50 % nucleic acid gel 
immersed in water (difference of refractive index about 0-15) will produce 
such effects in the ultra-violet. The optical density of such a specimen at 
2600 A is only 0*36. 

The fraction of N.A. of the objective filled by difiracted light is inversely 
proportional to the diameter of E. Hence the extent of defocusing neces¬ 
sary to produce a certain change of 
illumination in the image is pro¬ 
portional to the square of the size 
of the object, and therefore large 
objects appear “ out of focus" 
before mudx phase-contrast effect 
shows. For rod-shaped objects the 
diffracted wave is cylindrical; its 
phase amplitude diagram is the 
Cornu spiral, and the phase-contrast 
effects are rather less than for round 
objects. 

(b) Depth of Focus.—If the 
image of a small pinhole is \iewed 
out of focus (distance A for N.A. 0-7) 
so that the edge of the wavefront is A/4 different in phase from the centre, 
the intensity at the centre of the Airy disc drops about 20 % compared 
with the in-focus image. (This follows from the phase amplitude diagram 
of the out-of-focus wavefront which is a quadrant of a circle.) The energy 
lost from the Airy disc appears® in the diffraction rings, and smaller 
changes of focus may often be appreciable. 

(c) Out-of-Focus li)FFECTS ON non-Refractile Objects. —Let OA 
(Fig. /|) bo the light falling on a very small opaque object. When in focus 
OB is the diffracted wave j OB | = | OA], If, by defocusing, OA is altered 
in phase A/6 to OC then the resultant OD =: OC -j- OB and | OD | = | OA j. 
1 loncc, the object appears non-absorbing. To produce 50 % change of 
intensit}'- w is A/8 and the extreme phase difference for the diffracted wave 
is A/4 (cf. above). This effect (which may be used to test objectives) is 
symmetrical; on both sides of focus a black dot appears as a dark ring 
wdlh a white centre. 

{d) Objects with Refraction and Absorption. —The effect of 
combined absorption and refraction is for the amplitude of OB (Fig. 2) 
to be less than OA. All the information we have about the object i$ 
contained in the amplitudes and phases of the diffraction spectra in the 
back focal plane of the objective. If we cannot decide by focusing what 
is the true value of 6 we cannot find the ampltiude of OB. 

(e) Depth of Focus of the Phase Microscope. —^By making the 
phase ring have a small transmission ^ the amplitude of the direct light may 
be made equal to that of the diffracted light even though B is very small. 

Martin, Nature, 1947, 159, 827. 



Fig. 4. 




368 SOME AS?E('TS OF MICROSPECTROGRAPFIY 

Hence very small changes of 0 may be detected but the de]>th of focus is 
not much different from the case in (c) abovt‘. 

(/) Effect of Finite Condenser Aperture. —Tf the condenser has 
the same N.A. as the objective, each plane wave from the condenser supplies 
light to two points in the object ])lano in diltenMit phases and, if th(^ two 
points are separated at least by a distance equal to tlu' Resolving power, 
every possible ])hasc difference exists. Tin* r(‘sult is that the object 
appears to be illuminated incoherently. Ih^nce all phase ellects discussed 
above disappear and the image is obtained by siinnnation of the int<*nsities 
of the Airy diffraction patterns due to each point in the object. If the 
condenser N.A. is i fv that of the objective, phase <‘lfc‘cts app(*ar for objects 
of dimension smaller than n times the resolving power. 

(g) Conclusions to be Drawn from the Above. —It is ch^ar that 
appreciable errors in absorption measurem<'nts may result it the microscope 
is not focused accurately. These errors become very large if small objects 
are studied (e.g. mitochondria®), the condenset is stopped down, and short 
wavelengths used. It has .sometimes been claimed that “ good images 
of living material, i.c. images full of clear detail, arc obtained with the 
ultra-violet microscope when the condenser is stopiwd down; such 
images are clearly not a measure of absorption. It would be very desirable 
for more microscopists to state in publications the N.A. of the condenser 
as well as that of the objective. 

It must not be supposed that the presence of peaks on curves of ap¬ 
parent absorption with wavelength signify real absorption, because phase 
contrast effects will also produce peaks due to dispersion in the region of 
an absorption band. Absence of haloes round the images of small Ixidies 
is a good check of focus, but the best way to avoid errors of this kind is to 
use a microscope which is cither exactly achromatic or may be changed in 
focus exactly from one wavelength to another. The object is then viewed 
with a wavelength of light which is not absorbed, and the microscope 
focused until the image disappears as nearly as possible.* Phase contrast 
gives more exact focus, however.’^* If photographic methods of recording 
are used, it is easy to guard against spurious effects by inspecting the images 
at different wavelengths but the objective requires to be free from spherical 
aberration over the range of wavelengths used. 

Effect of Pleochroism on Absorption Measurements.—Ultra-violet 
dichroism has been searched for by Caspersson “ in various objects in 
cells and when present has been used to determine the orientation of nucleic 
acid molecules. Recently, however, Commoner has given a criticism 
of the microspectrograpluc cytochcmical work of the Caspersson school 
(and other workers using similar methods) and has suggested that a large 
’ part of this work is invalid because the dichroism of nucleic acid has not 
Ixsen taken into account. As this criticism has received much attention 
it is desirable to state why the criticism appears unsound. 

Dr. Commoner’s argument is as follows. If nucleic acid mcdeculos are 
oriented so that the maximum and minimum optical densities for polarisscd 
2^0 A light are i*o and o, the apparent density, using unpolarized light, 
will be about 0*3 instead of 0*5 if the nucleic acid were disoriented. With 
half the above quantity of nucleic acid the densities obtained are almo.st 
equal. We have measured the birefringence of 100 % oriented nucleic 
acid (about 30 % water) and found it to be very high, viz. between 0*05 
^d o*To. Therefore the path difference due to birefringence of visible 
light will be at least 50-100 A before appreciable error due to dichroism 
can result. Such a path difference causes an object to appear brightly 
illuminated when viewed between crossed nicols and occurs only in 

* Ludford and Smiles, /. Hoy. Micro. Soc.^ 1950, 70, 194. 

• Seeds and Wilkins, this Discussion. 

Davis and Walker, this Discussion. 

Caspersson, Chromosoma, 1940, 5, 605, 

Coinmoneri Science, 1949, lio, 31, 
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exceptional biological objects, e.g. the grasshopper sperm head as studied 
by Ca'ipersson. 

It might be argued that systems may occur where the high birefringence 
of nucleic acid is compensated by birefringence due to large quantities of 
oriented protein. This is possible, but unlikely, and if one wishes to con¬ 
sider unlikely possibilities it may be worth while, in view of the interest 
ill this matter, to consider one of the many possible pleochroic systems 
which could give rise to much more complicated phenomena, and would 
be much more intractable to experimental approach, than the example 
chosen by Dr. Commoner. Such a possibility is as follows. It may well 
be that there is considerable dichroism when the electric vector for ultra¬ 
violet light lies in different directions in the plane of the asymmetric 
purine and pyrimidine rings (I am indebted to Prof. C. A. Coulson, F.R.S., 
for this information). Suppose, in a region of a cell, all the rings are 
arranged in space so that the direction for greatest absorption of the electric 
vector is normal to the plane of the slide. In this case the absorption of 
the specimen may be almost zero fer rays normal to the slide (as in the 
case when the condenser is stopped down) and the absorption may be 
independent of the direction of polarization of the incident light (and, 
furthermore, the specimen may appear non-birefringent). Absorption 
will increase as the condenser aperture is opened and inclined rays pass 
through the specimen. Analysis of such an absorbing object requires 
the mineralogist’s procedure of passing plane-polarized pencils of light 
through the specimen in different directions, and it would be necessary 
to add the universal stage (with tilting motions) to the biologist's already 
complicated ultra-violet microscope. The writer finds it comforting to 
think that these complications will not be found necessary, and that there 
will be little reason to consider pleochroism except in those cases where 
there is evidence (e.g. obtained from birefringence) of a high degree of 
molecular orientation in the specimen. 

I wish to thank Prof. J. T. Randall, F.R.S., for advice and encourage¬ 
ment, many colleagues, in particular Dr. A. R. Stokes, for much helpful 
discussion, and Mrs. I. Trott for help with the diagrams and the integration. 
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ASPECTS OF ULTRA-VIOLET AND INFRA-RED 
MICROSPECTROGRAPHY WITH THE BURCH 
REFLECTING MICROSCOPE 


By R. Barer 
Received ^rd July, 1950 

Some of the diificulties encountered in microspectrography with reflecting 
microscopes are discussed. The development of objectives achromatic over all 
the regions of the spectrum enables the technique to he greatly simplified. The 
object is illuminated by the total radiation eimtted by the source and the trans¬ 
mitted radiation is analyzed by means of a suitable spectrometer. In the 
ultra-violet region photographic recording enables the absorption character¬ 
istics of the object to be observed simultaneously at a large number of wave¬ 
lengths. Present infra-red techniques do not allow simultaneous recording 
but nevertheless continuous sources of radiation can be used. This feature 
permits the position of absorption maxima and the presence of spectral fine 
structure to be determined w-ith accuracy. These techniques can be used with 
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polarized radiation for woik on dicliroi&m of oriented structures. Tlio types 
of problem for which such methods arc ])arti(.ulailv suitable ai’o indicated. 
Infra-red microspcclropholomelry is limited chielly by the long wavelengths 
employed, resulting in low resolution in the niicrosco])e, and by the relative 
insensitivity of present thermal detectors. It is rather doubtful whether the 
method can ever bt' applied to living cells. Kven with diy et‘lls the pr(‘scnt 
indications are that the differences in infra-red absorption speidra obtained 
from siicli toiU])lex mixluies of proteins and oilier substanr<‘s as occur in 
biological material are veiy slight. 'IVchnical improvements will be necessary 
before loally useful information can b<‘ obtaineil Iroin such in,it<‘iial. 


One of the main jmrposes of tiiis Discussion is to assess tb<‘ npplicat ions, 
\'alidity, and llmitatioiis of niicrospcctrographic methods. In this con¬ 
tribution it is proposed to refer briefly to certain techniques which have 
been developed during the last few years with the Burch reflecting micro¬ 
scope.^ The types of problem for which these methods are paiticularly 
suitable will be discussed and some of the practical and Ihcoreticfil 
limitations will be indicated. More coaisidcration will be devoted to 
problems of infra-red rather than ultra-violet microsjxsctroscopy, as the 
former is a much newer technique whose possibilities remain largely 
unexplored. 

The most important single feature of the Burch microsco])c is its 
achromatism. This is of course true of any reflecting objective, but the 
special superiority of the Burch instrument li<is in the fact that it uses 
aspherical, rather than spherical mirrors, which makes iX)ssiblo a greatly 
improved performance as regards correction of aberrations, increase of 
numerical aperture and reduction of obstruction ratio. The importance 
of these factors has been disciisscd elsewhere and will not be further 
referred to here.* 

Ultra-violet Microspectrography.—Spectroscopic cyc-pioces have long 
been used for the observation of the absorption characteristics of micro¬ 
scopic objects in the visible region. Their use depends on the availability 
of reasonably achromatic objectives. Such objectives have until recently 
not been readily at our disposal for work in other regions of the spectrum 
and the somewhat laborious procedure of illuminating tJie object with 
monochromatic light at a large number of separate wavelengths lias had 
to be adopted.®' * Tlie purely reflecting objective is with certain minor 
reservations completely achromatic and can bo used over a spectral range 
limited only by the reflectivity of the mirrors and the cxivStcncc of suitable 
radiation detectors. It thus become.s possible to go back to the prin¬ 
ciple of the spectroscopic cyc-picce for microsiKJClrogrfiphic work in any 
rc^on of the spectrum. Tliis method was first employed with the Burch 
microscope in the ultra-violet region.® The ])rinciplo used was to illum¬ 
inate the object in the microscope by means of the total radiation emitted 
by the source, to focus an image on the entrance slit of a <iuartz sixiciro- 
graph, and in this way to analyze the radiation transmitted by the object. 
The chief advantage of dispersing the radiation after pjissage through the 
object rather than before, is that with photographic recording it is ix)ssible 
to observe the transmission characteristics simultaneously at a number 
of wavelengths.® With certain types of material the illummation of the 
object by a broad and intense band of u,-v. light may seem objectionable 
but it must be remembered that even in techniques which employ mono¬ 
chromatic illumination, observations must be made at a large number of 

1 Burch, Proc, Physic, Soc„ 1947, 59, 41. 

* Barer, Trans, London Conference (Optical Instruments, 1950, in press). 

® Caspersson, Shand, Arch. Physiol., 1936, 73, suppl. 8. 

* Caspersson, J. Roy. Micro. Soc., 1940, 8. 

» Bareii, ^Holiday and Jope, Biochim. Biophys. Acta, 1930, 6, 123. 

« Barer in Bourne, Cytology and Cell Physiology (Clarendon Press, Oxfoid, 
1950), 2nd. edn.. Chap, x. 
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different wavelengths in order to obtain a spectral transmission curve. 
The new technique is seen to special advantage when a source such as a 
hydrogen discharge tube, which emits a continuous spectrum in the 
u.-v. region, is used. In this way, it is possible to obtain a smooth curve 
showing the transmission at every wavelength and not merely a series 
of separate points which have to be joined up. The value of tfds is that 
it allows the exact position of absorption maxima to be determined with 
accuracy and reveals the presence of spectral fine structure where this 
exists. 

The methods of analysis used in this method of microspectroscopy 
are in many ways similar to those which have been developed in the 
absorption spectroscopy of macroscopic samples. A very convenient 
method of calibrating optical density is to use a rotating logarithmic or 
stepped sector placed immediately in front of part of the slit. The 
image of the microscopic object is projected on to the remainder of the 
slit. With a suitable densitometer it is possible to match the optical 
density of any area of the image with a known optical density recorded 
at the same wavelength. It is of course essential that the illumination 
of the entire slit should be quite uniform, and preliminary tests to ensure 
this are necessary. 

The Holiday logarithmic cam technique ’ is particularly useful for 
the study of very small image areas.® In this case a very short slit is 
used and the photographic plate of the spectrograph is moved at a logarith¬ 
mically varying rate. In this way a “ silhouette of the absorption 
spectrum is obtained. The method, though qualitative, is very sensitive 
for the detection of spectral fine structure. 

The main limitations of the technique, apart from the question of 
improvement of microscope design, are the lack of an ideal source of 
light, and the problem of illumination of the spectrograph. As regards 
the source, various types of mercury arcs are very useful where a number 
of intense, well-spaced lines are required, as is the case for many purposes, 
but the only really practical source of a truly continuous ultra-violet 
spectrum is the hydrogen discharge, the intensity of which is unfortunately 
low. The tungsten lament lamp is excellent for work in the near u.-v. 
and visible regions. As regards the spectrograph, there is no point in 
using an instrument of large aperture when high image magnifications 
are employed since under these conditions the coUimator will not be filled 
with light. For cytological work the final image on the spectrograph 
plate should correspond as closely as possible to the image projected on to 
the entrance slit, i.e. the aberrations of the instrument, particularly 
astigmatism, should be as low as possible. A spectrograph of low aperture 
but high dispersion, and unusually well corrected optically, has been 
designed for this work by Mr. W. Weinstein. 

For work on ultra-violet dichroism, the only modification required 
is to introduce some form of jx^larizcr which is effective in the ultra¬ 
violet region. A Glan-Thompson prism cemented vAth glycerine has 
proved satisfactory and experiments arc also being carried out on new 
types of polarizing films.® Possible errors due to the polarizing action 
of the spectrograph must be avoided. Some spectrographs show polar¬ 
ization effects to a much greater degree than others,®* ® perhaps due to 
a lack of complete symmetry between the two halves of the Cornu prism, 
and it is essential to carry out preliminary tests using a continuous 
spectrum in conjunction with a polarizer. Another puzzling source of 
error which has been found is the appearance of interference fringes 
of the Edser-Butler type, the cause of which was traced to refiections at 
the interface between the two halves of the polarizing prism. 

’ Holiday, /. Scf. Instr,, 1937, 14, 166. 

® Barer, ibid., 1949* 36 , 325. 

® Ellis and Kaplan, J. Opt. Soc. Amer., 1935, 357 * 
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What are the problems for which techniques of this type are specially 
useful ? In the first place, of course, the m<*tho<l is suitable for work on 
absorption, spectrophotometry of voiy small (piaulitios of material of 
biological interest, whether in the fonn of colls, fibres or crystals. For 
cytological work it can ha used for much the same t^pc of probk^m as 
has b^n investigated by Cas|x>rsson and oth(n's. TJie increased pre¬ 
cision resulting fnmi tlic use of a continuous spiM'tnim may k'ad to a clearer 
undcrstanduig of the behaviour of proteins and mickMC a<'i(ls witliin the c<‘ll, 
though I am afraid it is even likelier to show a still more com])lex slat<5 of 
attairs than has hitherto been realized. The investigation of spc'ctral tine 
structure and small wavelength changes in absoiiit ion maxima in biological 
systems remains to be explored. The fact that the tryptophane abaoption 
band differs slightly in human foetal and adult haemoglobins has already 
been pointed out,^® and no doubt other examples will occur. 

The optical properties of cells at wavelengths outside tlie 2500-3000 A 
band deserve more attention,—other substancx^s besides proteins and 
nucleic acids are present m colls! Even in cases where no selective 
absoption can be found in a certain spectral region, it may be possible 
to leam something by the introduction ol substances which do show 
strong absoption in that region. For example, an sittcmpt was made 
to introduce certain carcinogenic hydrocarlx>ns into cells in order to 
observe their distribution and metabolic changes, if any.’^ Many of 
these compounds sliow a series of absorption bands in the near ultra¬ 
violet region which are not likely to be confused with the absorption 
duo to substances normally present in a cell. 1'hc analogy between 
such methods and the use of stains in the visible region will Ix' apparent. 

The use of polarized ultra-violet light has been mentioned above. 
The investigation of ultra-violet dichroism in crystals, fibres, and other 
oriented structures, over a wide spectral range may be very informative 
in revealing the orientation of specific constituents such as aromatic 
amino acids, purine bases, etc. Dr. Perutz will refer to such studies in 
more detail elsewhere in this Discussion, 

Space does not permit more than a very brief reference to certain 
questions of fundamental importance in ultra-violet microscopy. The 
whole problem of the validity of ultra-violet absoption measurements 
on cytological material has been ciUlcd into question as the result of recent 
work which has shown that the absoption of living cells may differ con- 
sideiably from that of fixed material or cells which have undergone 
irradiation with ultra-violet light.The mechanism of this change 
is far from clear. It may be related to changes in scattering by the ccll,^® 
the depolymerization of nucleic acids,1®. or to changes in the state of 

orientation of ccUular constituents.^^ The ejuestion of scattering and 
other non-specific light losses is clearly of grcfit importsince. A ]fionccr 
attempt was made by Caspersson to calculate the influence and magnitude 
of some of these efi[ects. Unfortunately the analytical difficulties involved 
so formidable that it seems improbable that any full theoretical estima¬ 
tion will ever be possible. To mention only two points: (i) Caspersson's 
calculations are based on the Abbe theory of the formation of the micro¬ 
scope image and (ii) the Mie theory of scattering as applied to spherical 
particles only is considered, ^fhe Abbe theory is of course only an ap- 

Jope, in Roughton and Kendrew, Haemoglobin (Buttcrweith, London, 
1949), p. 216. 

Barer, Berenblum and Jope, 1948 (unpublished work), 

Larionov and Brumberg, Compt rend. U.R.S.S., 1940, 54, 267. 

Ris and Mirsky, J. Gen. Physiol., 1949, 32, 489. 

Bradfield and Errera, Nature, 164, 532. 

Oster and Grimmson, Arch. Biochem., 1949, 24, 119, 
w Oster and McLaren, J. Gen. Physiol,, 1950, 33, 220. 

Commoner, Science, 1949, 110, 31, 

Commoner and Lipkin, ibid., 1949, no, 41. 
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proximation, as Caspersson himself points out, and a full difireiction theory 
of the microscope has yet to be evolved. Calculations on scattering by 
anisotropic particles give different results from those based on spherical 
particles. In biological systems one might expect a mixture of both 
types, as well as possible orientation effects. The estimation of light 
losses by reflection and refraction is also not simple. Estimates based 
on refractive index measurements in the visible region may be inaccurate 
as it is important to remember that the refractive indices of many sub¬ 
stances are anomalous in the neighbourhood of absorption bands. The 
exact influence of different degrees of refractivity and absorption in 
different regions of the spectrum is also difl&cult to judge. The use of 
precipitant fixatives must certainly affect non-specific light losses as 
can easily be demonstrated by means of the phase-contrast and inter¬ 
ference microscopes. In collaboration with Dr. Crawford,^® an investiga¬ 
tion on the action of various fixatives on living cells has been carried out 
using such methods of microscopy, and it appears that formalin or 
osmium tetroxide used under certain conditions produce the least change 
in the refractive properties of cells in the visible region. Even these 
substances, however, seem to exert hitherto unsuspected actions on the 
nuclei of some cells. 

Whatever the cause of the observed variations in transmission of 
cells undergoing irradiation, the effect must clearly be fully investigated. 
It may be found that ultra-violet microspectrographic methods are in¬ 
capable of giving accurate results with living material, but this would 
not necessarily invalidate the results obtained on fixed material. After 
all, most of our knowledge of cytology and cytochemistry is based on the 
examination of fixed material and although there may have been some 
misinterpretations and artefacts, there is no real reason for discarding 
all the results of such work. The physicist is fortunate in dealing with 
things which he can usually examine under controlled conditions. The 
biologist is less fortunate and has to make the best use of the dififlcult 
and variable materials provided for him by Nature. 

Infra-red Microspectxophotometry.—^The ultra-violet absorption 
spectra of many complex substances of biological interest suffer from the 
disadvantage that the absorption maxima are often rather broad and 
poorly defined. Thus, the spectra of two quite different substances may 
not always be easy to distinguish, particularly if only a narrow spectral 
range is observed. Despite the theories which have been put forward 
concerning the role and distribution of ribose-nucleic acid and desoxy- 
ribose nucleic acid in the cell, it is important to remember that they 
cannot at present be distinguished by means of ultra-violet absorption 
spectroscopy alone. Infra-red absorption spectra are, however, some¬ 
times capable of givmg much more precise characterization of organic 
compounds. The use of purely reflecting objectives has rendered possible 
the extension of tliis technique to microscopic specimens. The principle 
of the method adopted with the Burch microscope is similar to that used 
for ultra-violet microspectrography.*® A slightly different mode of ap¬ 
proach is necessary, however, due to the lack of direct photographic re¬ 
cording in most of the infra-red region. The usual detectors available 
are thermocouples, bolometers, and for certain wavelengths, photocells. 
This makes the simultaneous recording of transmission at a l^ge number 
of wavelengt±is extremely difl&cult or even impossible. The radiation, 
after passage through an entrance slit, is dispersed by a prism of suitable 
matei^ such as lithium fluoride or rock salt, and a narrow region of the 
spectrum is selected by means of an exit slit. The selected b^d is then 
focused on to the detector. The analyzing instrument is thus strictly 
speaking a monochromator, rather than a spectrograph. This has the 


” Crawford and Barer, 1950 (in course of publication). 
*® Barer, Cole and Thompson, Nature, 1949, 163, 198. 
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disadvantage that the specimen is exposed to the eiiiiro radiation from 
the source during the time requin'd to scan tiie desir<‘d ningo of the 
spectrum. The consequent heating of llio sp<‘Cimon might Ix' nn(k‘sirahlo, 
though this has rarely been found lo 1 k' serious in practice. I'lie |>osbi- 
bility of using an infra-rod monochromator bclovc the microscojx) so that 
the object is illuminated by a jiairow band of inlru red light should not 
be overlooked. The image could Ix^ focust'd with visibh' light and the 
area whose transmission it is desired to measun‘ could 1 h'. selectotl by 
means of an aperture Ix^hind \vlTiich is placcxl tlu^ thermal detector, 'Phis 
technique would tlien resemble in many w«ivs that adopteil by C'as]H‘rsson 
and others in the ultra-violet. 

In our first experiments an attenq)! wiis mad<' to obtain siK'clra by 
projecting a microsco]X 3 image directly on to tluj entrance slit of the spectro¬ 
meter. It was soon found that the en(n*gy available was too small to give 
reasonable readings without the use of very wide slits mid, moreover, the 
aperture of the collimator mirror could not ho filled. In order to over¬ 
come this, the microsco]Ki imago was projected on to a screen containing 
a variable aperture which was used to select the arc^a of the ixmige whose 
transmission it was desired to measure. The light passing through this 
preliminary aperture was then condensed down by means t>f a spherical 
mirror. This device greatly increased tiie energy available and improved 
the illumination of the collimator. The magnification of the primary 
image at the screen w£us usually alx)ut 150-200 times, the final magnifica¬ 
tion being about 20-30 times. Althoiigli the full maguitication of the 
microscope could not be used with th <5 s]Xiclrogra])h available, it was 
nevertheless very convenient to 1x5 able to observe the imagt' at a reasonably 
high magnification so as to enable the structure of the objijct to 1x5 studied, 
and the most suitable portion to be selected. 11 would of course 1x5 ix)ssible 
to use an objective of lower initial magnification, but then tliis particular 
advantage would be lost. 

If it is desired to use polarized infra-rod radiation for studies on di- 
chroism, the simplest method is to allow the bundle of rays which have 
passed through the image-selecting aperture, to fall at the polarizing 
angle (19®) on a simple selenium mirror and thence to be reflected on to 
the condensing mirror. The specimen can then be rotated in order to 
observe dichroism. Transmission polarizers of the silver chloride or 
selenium film type could also be used. These arc not easy to make of 
sufficiently lewge aperture, but have the advantage that they can 1x5 rotated 
without disturbing the si^ecimcn. 

The sources of light available for infra-red micros]X"ctrophotometry 
are rather limited. Those most commonly used in macroscopic work 
are the Globar and Nernst fllanicut. There is Ulflo to cIxkjso U^lween 
tliese at wavelengths alxive 6 fi, but tlie Nonist lilanu‘nt is used at a higheu' 
temperature and emits much more visible light, wliich renders focusing, 
examination of the object, and optical alignment much easier. The 
main disadvantage of the Nernst filament is tlm high energy output in 
the near infra-red which may lead to errors duo to scatUTing in t Jie s]>cciro- 
meter. The use of carbon arcs for infra-red woi’k lias recently Ixsen 
suggested.*® Although the energy omission is liiglicr thmi that of the 
Nernst fi Ja m ent, the errors due to scattered short-wave radiation would 
be even more serious. 

Let us now consider the special applications of infra-red micro- 
spectrophotometry, its limitations, and its possibilities. In the first 
place, it is dear that this technique has greatly facilitated work on small 
quantities of material. In principle, with the macroscopic technique, 
it should be possible to examine specimens which are no larger than 
necessary to cover the area of the widest entrance slit used. In practice, 

Newman and Halford, Rev, Set, Instr,, 19^0, 19^ <270, 

** Elliott, Ambrose and Temple, J, Opt, Soc, Amer., 1949, 38, 212. 

■* Rupert and Strong, J. Opt, Soc, Amer,, 1949, 39, 1061. 
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however, mechanical difficulties arise when it is attempted to mount 
such small quantities of material and in fact the use of a low-power 
microscope would be a convenience for many samples considerably bigger 
than the area of the slit. A simple system of this typo has been de¬ 
scribed by Jilliott ct and has been particularly useful for work on small 
fibres. 

The specimens can be in the form of crystals, fibres, microscopic drop¬ 
lets or smears of waxy material. There is a special advantage to be 
gained by the use of the microscope for the examination of crystalline 
material. In the macroscopic technique it is often difficult or impossible 
to obtain single crystals large enough to cover the slit of the spectro¬ 
meter and the material usually has to be examined in the form of a powder 
composed of micro-crystals. Such a powder gives rise to considerable 
light losses by scattering, reflection and refraction, and it is usually 
necessary to mount it in a medium such as liquid paraffin. This reduces 
scattering, but introduces other difficulties due to the absorption of the 
mounting medium itself. When a microscope is used, it is often possible 
to select small single crystals whose transmission can be measured without 
having to mount them in a liquid. It is of course necessary to select 
crystals which are reasonably well formed or else scattering may still 
be serious. In general, non-prismatic flat plates or needles are most 
suitable if serious reflection and refraction losses are to be avoided. The 
ability to use small single crystals and fibres is of great value in work on 
dichroism and should provide a useful auxiliary method in the crystallo¬ 
graphic investigation of organic compounds. 

What are the possibilities of infra-red microsi>ectrophotomotry in 
cytology ? This is a question which further investigation alone can 
answer, but it is possible at this stage to assess some of the difficulties 
and limitations. In the first place, can the method be applied to struc¬ 
tures of the order of size of single cells ? Lot us assume the formula 
R = o*6iA/N.A. (where X is the wavelength and N.A. the numerical 
aperture), for tlie resolving power of a microscope. The present Burch 
microscope has an N.A. of 0'65 so that the resolving power is roughly 
equal to the wavelength. Thus, if it is desired to cover the infra-red 
range up to 15 the smallest object which could be resolved would be 
15/1 in diameter. On this basis, it might just l)e possible to examine the 
average transmission of portions of the nucleus and cytoplasm of at least 
the larger single cells. If microscopes of N.A. approaching 1-4 were 
available, the size of the smallest resolvable object would be reduced to 
about 6 II. Even then it will be clear that there is no prospect of examin¬ 
ing the smaller cellular constituents. Moreover, it is by no means certain 
that even those limits could be attained. According to Caspersson ® an 
accurate quantitative estimate of absorption can only bo made on par¬ 
ticles of the order of 4A in diameter. If his analysis is iip]>licablc to the 
infra-red region, then the smallest area which could be measured would 
be about 60 it, in diameter. This would render work on all but the largest 
cells somewhat impracticable. It is of course tmo that smaller areas 
could be observed if we were content to restrict the wavclengtli range. 
At A = 3 ^ for example, the resolution with N.A. 1*4 would be about i*3jn 
and tlic Caspersson limit would be 12/*. The latter figure is still large 
relative to cellular dimensions but tlie former corresponds to the order 
of size of bacteria. The quantitative validity of spectra obtained from 
such particles might however bo rather doubtful. It should also be 
pointed out that the construction of infra-red microscopes of N.A, 
exceeding i-o would necessitate the use of a lens component. This could 
be made in such a way as to avoid the introduction of longitudinal 
chromatic error, but some restriction of the .spectral range would be 
inevitable. Moreover, an immersion medium of suitable refractive index 


** Elliott, Ambrose and Temple, J. Sci, Insir., 1950, 27, ai. 
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and dispersive power would have to be used and tliis mif^ht very well 
exhibit absorption bands in the same region as tliose of the In 

practice these difficulties may not be too serious and huis components of 
rock salt or tliallium bromo-iodidc might be used witla immiTsion media 
such as liquid paraffin. 

The next question which is of considerable inten'st to the biologist 
is whether it will ever l>e possible to apply the method to the stiuly of 
living cells. The difficulties here are formidable. With lew t^xe.eptions, 
living cells must lx; examined in an a<|ueoiis medium, and <dl (<‘lls eontain 
water. Water possesses a mmilxu* of strong absoiption bands in the 
infra-red region, and, indeed, workers in this tie’d know all too wtdl that 
the effect of even the small amount of water va]><)iii normally present in 
the atmosphere can be very disturbing. It migJit conceivably 1 k‘ possible 
to work with extremely thin films t>f water and at wavelengUis at which 
the absorption due to such films would not overshadow everything else. 
Another possibility is to use heavy water, whicli has a rather ditferent 
absorption spectrum, provided that it did not affect the structure and 
viabihty of the cell. In this way, by the use of two diilcTont media it 
might be possible to derive the absorption spectrum of the object itself. 
Another l^tor to be considered is the possible action of the absorbed 
radiation on the cell. I have carried out ]>reliminary observations on 
the action of short-wave infra-red radiations on living cells and the 
results suggest that they do not tolerate this treatment very well. For 
all these reasons it must be admitted that the pros]>eci of applying the 
method to living material is extremely remote. 

Even if we are content to restrict ourselves to tlic study of com¬ 
paratively large areas of fixed cells, is infra-red spectrophotometry likely 
to yield any useful information from such complex material ? TJie value 
of ultra-violet microspectrometry of cells rests upon the fact that some 
cellular constituents are known to be present in such quantities that their 
absorption at certain wavelengths is likely greatly to ovcrsliadow the 
absorption due to other substances which may be present. The position 
is rather different in the infra-red region, for the infra-red absori>lion 
spectrum gives what is essentially information concerning the presence 
or absence of certain specific chemical groups such as OH, CH, Nil, CO, 
etc. In a complex molecule such as a protein, many such groups will 
be present and it may bo wondered whether it is ix>ssible to distinguish 
different proteins by their infra-rod spectra. I'his subject is still in its 
infancy, but the indications arc that such differences as exist aro relatively 
small and occur mainly at wavelengths greater than These slight 
differences of band position and intensity aro not easy to interpret and 
much more work on the comparison of spectra ol)tain<‘d from amino 
acids, poly^ptides and proteins will bo necessary.'*®* If this is the 
case with single proteins, how much more complicaU‘d will be the ixisition 
in the living cell in which wo have a mixture of i>roieins, lipoids, nucleic 
acids and other substances ? Any observations on the infra-red sixjctro- 
scopy of cells or tissues will almost certainly bo largely empirical until 
the fundamental data on these classes of substances have been obtained 
and interpreted.*^* The difficulties of examining such complex material 
are made even greater by using a microscope, for the amount of energy 
available is less and there is a consequent loss of spectral resolving power 
due to having to increase slit widths, and if the amplification of the small 
sign^s available is pushed to its limit the noise level and base-line in¬ 
stability may make quantitative measurements of transmission unreliable. 
If the recognition of different parts of the cell or different t37pes of cells 


*® Dawson and Sutherland, J. Amer, Ckem, Soc„ 1947, 69, 2074. 
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is to depend on small differences of frequency and height of absorption 
bands, some improvement in the performance of mfra-red spectrophoto¬ 
meters, particularly in the detecting devices, is highly desirable, and until 
such improvements have taken place, the full value of the technique as 
applied to cytological material will not be realized. The fact that the 
most important differences seem to occur at Avavelengths longer than 
6(1 is particularly unfortunate owing to the low energy emission of most 
sources at such wavelengths and tlie lack of sensitive photocell detectors 
such as are available in the 3ft region. The minimum area which can 
be studied is also adversely affected by having to work at these wave¬ 
lengths. 

These conclusions may seem to be pessimistic but nevertheless there 
are a number o£ ways in which infra-red microspectrophotometry could 
be applied to cytological material. In the first place, we can attempt to 
alter the chemical constitution of the ceU by various procedures. One 
method of approach is to extract materials from the cell and to follow 
the structural and spectroscopic changes which occur. Preliminary work 
on the extraction of nerve tissue with lipoid solvents has already been 
reported and comparisons between the spectra from unmyelinated 
nerves Irom various species have been made with those from extracted 
myelinated nerves. The use of other extraction procedures such as 
those of Bensley,*® Szent-Gyorgyi,®® and Pollister and Ris®^ may also be 
suggested. Other means include digestion with enzymes such as ribo- 
nuclease and desoxyribonuclease. Another method of investigation has 
already been referred to in the discussion on ultra-violet microspectro¬ 
scopy, namely the introduction of substances mth rather specific ab¬ 
sorption spectra. The difficulty in the case of infra-red work is to find 
a substance with sufficient absorption due to groups which do not normally 
occur in the cell or are only present in very small amounts. Not only 
must such substances be found, but some method of introducing them 
into the cell in reasonable concentration will also be necessary. If these 
conditions can be met, it may be possible to determine the distribution 
of such substances between the nucleus and cytoplasm and perhaps to 
follow metabolic changes under various conditions. 

Fmally, there remains the investigation of biologically important 
fibres and other oriented structures using polarized infra-red radiation. 
In favourable cases studies on infra-red dichroism can provide much 
information concerning the orientation of various chemical groups. In¬ 
vestigations on infra-red dichroism of protein films have already been 
reported and the comparison of the properties of natural fibres with 
oriented films of protein extracted from those fibres might prove fruitful. 

Conclusions.—^Thc problems involved in microspcctroscopic techniques 
arc far from solved. On the instrumental side there is room for improve¬ 
ment in both microscoiie and spectroscope construction, and particularly 
in the design of instruments specially adapted for work in this field. 
More sensitive detectors are badly needed in the infra-red region in order 
to improve spectral resolution, and in the ultra-violet in order to reduce 
the irradiation of the specimen. Many theoretical aspects remain obscure, 
particularly those concerning the importance of non-specific light losses 
and tlie possible changes induced by u.-v. radiation on some materials. 
Despite these difficulties microspectroscopic methods appear to be firmly 
established, and if due caution is exercised, it is only when attempting 
to draw highly quantitative conclusions from observations on complex 
and variable objects whose ph3rsical properties are largely unknown, 
that any serious errors axe likely to arise. 

*® Bensley, BioL Symp., 1943, lO, 323. 
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INFRA-RED MICROSPEGTROMETRY WITH 
A 0-8 N.A. REFLECTING MICROSCOPE 

U\ R. ]). H. h'KVSKK 
Ueclived i\ik September, 1950 

The nuiii' ucal ap(‘iiur<.‘ (M.A.) ol a reflecting obji‘ctivo cmployctl with an inlia- 
red spectrometer (k‘t(‘nnines ilu‘ mininitiin size of sample from which spectra 
may be obtained. High numerical apertures arc iinporlant both to increase 
the oiieigy collet tod liom a given sainjiit^ and to r(‘duce the size of the ditfraction 
pattern of its image. Ao*8 N.A. ndlecting objecLivc used in conjunction with 
a Grubb-Farsons spectrometer is described. Optical refinements have been 
introduced which ( 1 ) ensure the etiicumi transtcr of (*nergy Iroin microscope to 
spectrometer, and di) facilitate the alignment and focusing of the maguifictl 
image of the sample in the plane of the slit. Details oJ the siz(‘ of the micro- 
focus at various wavelengths, and examples of the spectral resolution of which 
the instiument is capable, arc given. 


Since Barer, Cole and Thompson ^ hist luscd a reflecting microsc()i>e 
for infra-red microspcctromotry, various applications to biological prob- 
hmis have been made, both in this country and in America. The par¬ 
ticular value of this method lies in the small size of specimens from which 
spectra may be obtained. With present-day spectrometers and reflecting 
objectives, the limiting .size of specimen is set, not so much by diffraction 
as by the amount of cnei gy that may bo passed through it. This arises 
because a minimum radiant flux is necessary on the detector to obtain 
satisfactory spectra. Below this, random fluctuations in dctectoi out])ut 
constitute an excessively large proportion of the signal. The size of 
specimen from which this minimum radiant flux may be collected is 
determined by the numerical aperture of the microsco])e. It is clear, 
therefore, that the development of high numerical aperture c)l)jectivcs is 
of great importance if the siiecimen size is to be reduced to fho limits set 
by diffraction. Since the small(‘st dimension of the specimen which may 
be resolved at wavelength A and numerical aperture N.A. is given ap¬ 
proximately by AS o-CA/N.A., it is clear that the numerical aperture 
has a two-fold impoitancc in determining the smallest objects from which 
spectra may be obtained. 

Reflecting objectives used in conjunction with infra-red spectrometers 
have been described by various authors; Barer, Colo and Thompson > 
used a 0*65 N.A. Burch microscope with aspherized mirrors, whilst Gtore * 
and Blout * in America have used the Polaroid-Grey 0*4 N.A. objective 
with spherical mirrors. In this paper the use of a o*8 N.A. objective 
with spherical mirrors, designed by K. P. Norris,^ is described. 

^ Barer, Cole and Thompson, Nature, 1941), 163, 198. 

® Gore, Scimee, IQ49, no, 7J10. 

* Blout, Bird and Gr^, J. Opt. Soc. Aincr., 1050, 40, 304. 

^ Norris, this Discuasion. 



m 


R, D. B. FtlASER 

Experimental and Results 

Description of Apparatus.—The radiation iioni a Nemsi glo'wcr N, see 
iMg. i, lb collcrled by a sphtncal minror Mi and condensed into the ^ilane of a 
slit and an ins diaphiagm S. This provides a convenient system for field limit¬ 
ation. The reflecting condenser, which is identical with the objective, focuses 
an image of that portion c f the source image admitted by the fioltl stop on to 
the object. The object is mounted over a small apeiture on a honzontal 
focusing stage O, which is provided with two motions at right-angles and a rota¬ 
tion. The energy transmitted by the sample is collected by the objective and 
emerges as parallel light. This light is collected by «i lens L and the object is 
viewed in the usual manner through an cj’-epiecc." A small mirror Mj at 45° 
to the microscope axis is inlioduced to rtllecl the energy into the condensing 
system c*f the spectrometer, 'fins compiises two spherical mirrors, the Jirst 
of wlxich Ma acts as a field mirror, loimmg an enlarged image of the small 
mirror ol the objective on the condensing mirroi of the spectrometer. 

Exact focusing and orientation of the sample image m the plane of the slit 
jaws is accomplished by the inscition of a refleciiiig prism P, immediately be¬ 
hind the entrance slit. An enlarged image of the slit jaws and sample may then 



Fui. i. Optical system used with the 0'8 N.A. rcQcctmg microscope and 
infra-red spectrometer. 

be viewed through an eyepiece. The overall magnirication is such that the 
apeituu* Ol the specliomcter is just filled. The radiation selected by the mono- 
chroinaior is detected w ith a 1 hlgcr Schw^arlz tlieimocouple, the signal is amplified 
w'ilh a (Jenoral Motors n.c. am^dificr, ami iccorded on a Brown rccordiT. 

The Reflecting Objective, 'fhe junctions of a microscope olijective w^hen 
used lor iiilia-red mKios])ettroinetiv aie somewhat <lilferent from those in 
visible or iilira -vk lot photoniicrogiaphy. In the system employed ui the 
])uscnt mstrunuml, the condenser is used to deluic the portion of tlic specimen 
from whicli a spectrum is to be obtained, whilst the objective gathers the trans¬ 
mitted radiation and passes it into the spectrometer. With relatively large 
objects the off-axis aberrations in the condenser and objective are not im¬ 
portant, their effect being the introduction of a small amount of “ impurity 
spectrum Where physical limitation of the field is possible—e.g. when the 
specimen is suopended over an aperture in metal foil, which acts as a field stop 
—extreme aberrations result only in a small loss of signal in the detector output. 
The aberrations arc much less with smaller specimens, as the objective is used 
but a little olf-axis. Again, at wavelengths of the order of 10 jjl the dimensions 
of the diffraction pattern are greatly increased so that aberrations which might 
be important at visible and ultra-violet waveleng^ are of little consequence. 

The 0*8 K.A. reflecting objective described in this paper was constructed 
from spherical mirrors with a central obstruction of 12 % of area. The maximum 
field which may he used at the full aperture is of the omcr of i mm. The errors 
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in the wavefront from an axial point in the specimen liavc been mojisnred, and 
found to be less than A/^ in the wavelength range 2 to 15 /t. This nieans tliat 
the Rayleigh cnteiion is satisfied for the realization ol the full resolving power 
of the objective. The design ol these miirors was carried cut by Norris,* and 
is based on the work ot Seeds and Wilkms.® The possibility ol increasing the 
N.A.. to 1*4, by the inclusion ol thallium bromo-iodide hemispheres, is being 
investigated. 

Field Limitation and Field Mirror. -Various s\si<Mns ol In^ld limitation 
have been drsciibed,** ® but that used in this instniinent has proved extremely 
satisfactory. The micio-.rope is mount(‘d on a coininiTcial stand so that tlu‘ 
specimen may be vie\\e(l hy means ol an eyepieci* 111 the usual manner. Be¬ 
neath the condenser a slit and ins diaphragm «n*e mounted in the plane of an 
image ot the source. The condenser then focus<'s a r<‘(liiced image of this system 
in the plane of the specimen. By means ol the stage motions, and the regulation 
of the slit height and width, the desired portion of the specimen is defined. 
A further refinement which has proved to be cl great value is the insertion of a 
reflecting prism immediately behind the entrance slit of the spectrometer. The 
sUt jaws, and objects imaged in tlie plane of the slit, may then be viewed through 



Fig. 2.—(«) Shows di a grammatically why the extreme portions of the slit 
cannot be used when an image is focused directly on to the slit, (6) Shows 
how this is avoided by the inclusion of a field mirror, 

an eyepiece. This permits accurate focusing and alignment ol the specimen 
with the slit jaws. 

The dimenoiens of conventional reflecting objecUv<*s are such that when an 
image is formed in the ])lane of the slit at the optimum magnification, lh<* cones 
of radiation from the ends of the slit S fall partly above and Wow tlie collim¬ 
ating mirror C of the spectrometer. This effect is depicted in Fig. 2a, and may 
be remedied by the inclusion cl a field mirror F', as shown in I^g. 2/1. It has 
been found possible to utilize the full slit height by this nietho<l. 

Condenser lUumMation.—function of the condcusor is to illuminate 
every point in the object with a cone of radiation sufficient to fill the aperture 
of the objective. Three convenient systems which satisfy this requirement are:— 

(1) Critical illumination, in which the condenser is used to form an image 
of the source in tlie plane of the specimen. 

(2) " Kohler ” illumination, where a mirror surface is imaged in the plane 
of the specimen. This mirror focuses an image of the source on to the small 
mirror of the condenser, which must be filled with light. 

(3) The condenser may be focused on an imago of the source at infinity. 

Of these methods (i) provides a convenient sub-focus conjugate writh the 
entrance slit of the spectrometer, whilst (2) gives a uniformly illuminated cir¬ 
cular field. Method (3) is convenient where a selenium or silver chloride trans¬ 
mission polarizer is used, as it may be introduced into the parallel beams before 
the condenser. This eliminates any diMculties arising from image displacement. 

« Seeds and Williams, Nature, 1949, 164, 228. 
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The particular system employed is best chosen in relation to the specific n‘<iuire- 
mentb ot the problem, and provision for all is made. 

Performance. —^The possibilities and limitations of infra-red microspectro- 
motry m the investigation of cell structure have been discussed by Barer.® 
The particular aspccis wliere it is most likely to be profitable are in the study of : 

(1) Single crystals of pure material extracted from colls, where polarized 
infra-red measurements arc to a certain extent complementary to X-ray dif¬ 
fraction data. 

(2) Oriented natural fibres, again in conjunction with X-ray measurements. 



Fig. 3, —Infra-red spectra illustrating the application of microspectronietry to 
the study of cell structure, {a) and (b) Tyrosine hydrochloride crystal o® and 
90®. (c) Mouse tail collagenic fibre, electric vector parallel (dotted line) and 

perpendicular (full line) to fibre axis, {d) Sample of sodium thymonucleate, 

estimated weight 2 jig, 

Frequenct^, cmT* 



Fig. 4. —Spectra showing the spectral resolution of which the microspectro- 
metcr is capable with a rocksalt prism. 

(aj The rotation structure of the HQ band at 2900 cm,-*. 

(6) Atmospheric water vapour absorption in the range 1500-1700 
{c) Ammonia in the range 850-1050 cm.-*-. 

• Barer, this Piscussion. 
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(3) Small (iiumtilich t,l c(>iupl(.\ (oinpoiiinls ol liigli me locular uoirfit, Avliere 
spectra may be uso<l as riiton.i ol puiity aiul ■>lij;hl <liil<‘icno(‘s iii spectra mav 
be correlated with llio paiticulai souuo 01 inoth<Kl ni <'\tracti(m. Also the 
prediction oi coriaiti atomic ««roiipui|;s pioMuil m the molecule may hi\ possible. 

In log. 3 spectra ilhisiiatmg lh(‘se applications *iie shown In cMcli case 
the si/c ol the sample wa^. sin li that the lull slit height (oulcl be used. 'Phe 
slit widths were hleutical with those n-.ed 111 macio wink. 

The spectral resolution id which the instiumcut is capable may be judged 
from the spectra shown in Fig. .f. It will be noticed that tins is betU'i than that 
usually obtained with staiulaid rocksali pi ism sjieciromclcrs. Ln particular 
tlie resolution in the 3000 cm.-^ region is adcHiuato ior the study of liydrogen 
stretching vibiations, without lecourse to a lithium fluoride prism. 


Discussion 

At the present time a coiibidcrablc amount of iiiforniiition has been 
collected on the infra-red absortion spectra of organic compounds. From 
these data a large number of empirical correlations of absorption regions 
and particular atomic groupings have been made.’ These correlations 
have been valuable in a great variety of problems in molecular structure 
but their application to materials of biological interest has been handi¬ 
capped by the relatively large amount of material required to obtain a 
spectrum. With the advent of infra-red micros])t‘Clrometry it is now* 
possible to obtain spectra from obj(‘cts of microscopic size. In many 
published spectra, however, it is appaixmt that the amount of radiant 
Ilux collected from the specimen has bt‘cn a very small fraction of that 
normally used to operate the spectroineliT. TIu* incrotised slit widths 
used to obtain spectra under these conditions have l(‘d to a significant 
decrease in spectral resolution. This is to be avoided if possible, as the 
value of tlic information obtained is de]X'ndent, in geneial, on the spectral 
resolution employed. 

Every attempt has been made in this instrument to collect a maximum 
of radiant flux from the sample and to ensure its cflicient transfer from the 
objective to the spectrometer. About one-third of the usual operating 
energy is obtained with the full field size. This is adequately compensated 
by an increase in recording time, so that the spectral resolution is not im¬ 
paired by increased slit widths. The objective is used ot its optimum 
magnification, which is equal to the ratio of the immcrical aperture of 
the microscope and the equivalent numiTical aperture of the spectro¬ 
meter.* At this magnification the apertun' of tb(‘ collimating mirror 
of the spectrometer is just filled. 'J'ho objective was designed to cover a 
field suflicient to utiliz<j the full slit al this magnification. This is only 
made possible, as explained pnsviously, by the introduction of a field 
mirror. The calculated dimensions of the microfociis a I various wave¬ 
lengths, neglecting dilfraction, are shown in 5. 

These values are obtained with the usual slit widths (uui)loycd in macro 
work and a root-mean-square noise level of less than x % of full scale 
recorder deflection. The variation in a is duo to the decrease in source 
brightness as wavelength increases, togetlier with changing absorption 
in the rocksalt piism and windows of the spectrometer. 

In practice, where the full slit height may not be used or a polarizer 
is inserted into the beam, or considerable scatter is i^resent in the sample, 
the radiant flux on the detector is reduced. Th>s reduction is com¬ 
pensated by one or more of the following expedients : — 

S Increase in recording time. 

Increase in root-mean-square noise level. 

{3) Increase of exit slit width, independent of entrance slit width. 

Of these, (1) and (2) do not affect the spectral resolution which is ob¬ 
tained. However, where the fuU resolution of the spectrometer is not 

’ Colthup, /. Opt, Soc, Ainer,t 1950, 40, 397. 
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required, e.g. with broad featureless absor])tion bands, (3) is to bo pre¬ 
ferred. 

The microfocus is partirularlj" valuable wlieto tlu' ihchruiani of a 
crystalline material is to bo studied; the advantagi\s of working with a 
single crystal or even a small portion of a crystal are considerable. High 
numerical aperture objectives have a unique advantage in this respect, 
as a significant proportion of the electric vector vibrates along the axis 
of the microscope with the ape^rture suitably masked. Absorption bands 
in wliich the dipole moment change is preferentially oriented along tlie 
axis of the microscope mav thus be demonstrated. 



Fig. 5.—^The dimensions of the microfocus {b = 700 fi) witli which the spectro¬ 
meter may be operated without increase in noise or reduction in spectral 
resolution. Diffraction effects are neglected. 

When the performance of the microspectrometcr described in this 
paper is compared with that of other instruments it must be remembered 
that the Grubb-Parsons spectrometer has an aperture of //6*7, and is 
capable of high spectral resolution by virtue of its large prism. If the 
instrument were operated at a reduc^ aperture comparable with other 
commercial instruments the dimensions of the microfocus could be 
reduced, as the optimum magnification would bo correspondingly increased. 

f wish to acknowledge a Medical Research Council Slndtuih-diip which 
has enabled m(‘ to carry out this work, iind to thank Prof. Randall for liis 
encouragement. I am indebted to Mr. K. P. Norris for assistance in the 
initial adjustment of the objective, Mr. A. H. Benfield for constructional 
work, and Dr. W. C. IVice for his continiit‘d advio(‘ and enconragement. 

Medioal Research Count il Biophysics Unit, 

King’s College, 

Strand, IV.C.j, 


GRNJtRAL DISCUSSION 

Dr, R. Barer (Oxford) .said : I welcome the opportunity which this 
Faraday Society Discussion gives me to put forward the user’s point of 
view on the new spherical mirror objectives which have been described 
by Prof. Randall and his coUeaguos. No matter how conventional or 
unconventional may have been the stages which have led to the design of 
an objective it is very important that a clear statement of its performance 
should be given. This statement should include (1) calculations of aber¬ 
rations based cither on accurate ray tracing, or if for any reason this is 



384 GENE10\L DISCUSSION 

not possible, Gaussian optics, or other accepted methods, {2) practical 
performance tests. If the n'sults ot (i) arc satisfactory we may consider 
(2), but if the preliminary calculations have not been done or indicate 
that the objective does not vsatisCy accepted criteiia, we cannot always 
easily judfto its ]>erfonnaiict‘ from practical tests alone. It must be borne' 
in mind that the standard of perfomiance reejuirc'd from an objc'ctive 
intended for accurate absorption measun'iiK'nts is higher tlian in the case 
of an objective intended lor routine visual t)r ])liotogra])liic use. How¬ 
ever, given the proper tacts and figures tin* user can decide for himself 
what order of accuracy he may reasonably cxpt'ct from work carrit'd out 
with any given ohjectivo. In the abseni'e of such tacts tlie true inter¬ 
pretation of results becomes impossible. 

My general criticism is that the Kuig's College work on reflecting 
objectives has been described in such a way as to make it impossible to 
evaluate at present the performance of these objectives in tenns of gener¬ 
ally accepted optical standards. Furthermore, llierc is evidence to suggest 
that the designers may be unwittingly acc<‘p1ing a standard of performance 
very much lower thmi they have themselves staled to bo necessary 
(Wilkins i). 

In order to elaborate this criticism a few words of explanation con¬ 
cerning reflecting microscope design will Ixi iKicessary. Spherical mirror 
objectives arc by no mc'ans new,^ but certain facts concerning them have 
hitherto been accepted by nearly all designers. Burch * showed that a 
well-corrected microscope objective using only s})h(‘rical mirrors could be 
made with a fleld of normal size and N.A. (numerical aperture) approaching 
0*5. In tins case the mirrors would have to be a])proxiniately concentric, 
so that the design is often referred to as a moaiocentric pair though it 
is not in fact strictly raonocentric. The gn'at disadvantage of the mono¬ 
centric pair is that a very high proportion of the N.A. is shadowed out 
by the small mirror. The actual figures for the obstruction are 45 % 
of the N.A. or 20 % of the exit pupil area. This central obstruction has 
a curious effect on the image. It causes a redistribution of energy in the 
image of a point (the Airy disc) so that the light in the central maximum 
is reduced, whereas that in the outer rings is increased. The contrast in 
the imago may be affected and the i)]iotomctric relationships between 
object and image arc disturbed, reducing the accuracy of absorption 
measurements. It has boon pointed out ^ that the effect of central ob¬ 
struction resembles in a general way that of optical aberrations in that 
the Airy disc pattern is altered. The question of the maximum permissible 
central obstruction in a microscope obj<x'tivo has been considered both 
theoretically and exi)orimentally by several workers with good general 
agreement. It is suggested that the obstruciion should nut exceed 30 % 
of aperture (11 % of area) and this value has not as yet bc'cn criticized. 
Thus the monoccntric pair is deficient in two respects. The N.A. (0*5) 
is a little low, and the obstructioii (45 %) is undesirably high. N<jw a 
spherical mirror objective is not at first sight a very complicated system 
for the purpose of making calculations. The important variables are the 
radii of the mirrors, their separation, and the focal length of the com¬ 
bination. Designers who mvestigated the problem soon found that it 
was possible either to increase the N.A. or to reduce the obstruction ratio, 
but only at a very heavy price. The aberrations, particularly coma, 
increased very rapidly and the useful field of view shrank at an alarming 

1 Wilkitts, this Discussion. 

* Brumberg, Nature, 1943, 357* 

® Burch, Proc. Phyics. Soc., 1947, 59 » 41 - 

* Grey, /. Opt, Soc. Amer., 1949. 39, 723, 

® Bonwers, Achievements in Optics (Elsevier, New York, Amsterdam, 1946). 

* Dunham, Special Report No. 2, American Cancer Soc. Grant No. PH iB, 
1948. 

* Barer, Trans. London Conference on Optical Instruments, 1950 (in press). 
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rate. For tMs reason the majority of designers have not felt it worth 
while to deviate greatly from the approximately monocentric condition. 
The King's College group has adopted a different, and in some respects 
refreshing, approach. Their method seems to have been purely experi¬ 
mental. Mirrors of different radii were adjusted on a microscope-testing 
mterferometer until the interferogram indicated that the spherical aber¬ 
ration was well corrected in the centre of the field. This procedure differs 
considerably from orthodox optical practice. No preliminary calculations 
are made in order to assess possible limitations; and attention is con¬ 
centrated on the elimination of one aberration without regard for the 
others. 

In assessing an optical instrument the generally accepted criterion of 
performance is the Rayleigh limit.® This is based on the assertion that 
the performance is not hkely to fall far short of perfection if the maximum 
optical path difference does not exceed one quarter of a wavelength (A/4) 
(see also my discussion following Wilkins' ^ paper). That this criterion 
is of course accepted by the King's College workers is evident from the 
statement of Wilkins ^ in his paper : '"It is clear that the ability to per¬ 
form photometric measurements on small objects is seriously limited when 
errors reaching the Rayleigh limit are present in an objective, although 
the performance of the objective for visual use and its resolving power 
are altered little." It must be pointed out that the Rayleigh limit must 
be applied to the total effect of all aberrations. It is no use having one 
aberration less than the limit if another exceeds it. 

Since the question of coma is of fundamental importance in this 
discussion it will be as well to quote the words of Conrady ® (p. 281) : 
" The want of symmetry in the coma image is its worst feature : it causes 
a point of light to be rendered as a comet-like smudge with a strong 
concentration of light near the principal ray and a gradual fading away 
towards the broad tail of the figure. Such a caricature of what should 
be a small round dot is not only extremely unsightly in ordinary visual 
observations or in photographs, but also renders exact measurements 
quite impossible, as it is difficult to decide which part of such an unsym- 
metrical patch should be regarded as the location of the mean image- 
point, For that reason coma has been looked upon as the worst of all 
aberrations from the earliest days of practical optics, and even in the 
da3rs of pure empiricism its removal to the utmost practicable extent was 
regarded as imperative. The beginner will be wise if he accepts this 
result of long experience and declares relentless war against any easily 
visible residue of coma." Conrady also points out that the l^ylcigh 
limit is particularly severe in the case of coma, but he maintains that lor 
astrophotographic instruments and for photographic lenses used for 
process work and copying maps we should try to keep within the single 
or at any rate the doubled Rayleigh limit". The question which must 
be decided now is whether we arc prepared to accept a lower standard 
in a microscope objective intended for accurate photometric work than 
in a photographic objective intended for process work. If the answer 
is no, then wc must clearly have some means of estimating how much coma 
is present. This question has always been investigated by the majority 
of microscope designers. Burch evidently regarded it as suf&ciently 
important to devote an entire paper to the numerical calculation of the 
offence against the sine condition (coma). He concluded that an ob¬ 
jective composed of one aspheric concave mirror and one spherical convex 
mirror should be " rea,sonably coma-free up to 0*65 N.A." Johnson 
also calculates the offence against the sine condition for his refiecting 
objectives. He is careful to point out that this exceeds the accepted 

* Rayleigh, Phih Mag,, 1897, 8, 403, 

® Conrady, Applied Optics and Optical Design (Oxford Univ. Press, 1929). 

Burch, Proc, Physic, Soc., 1947, 59 » 47 * 

Johnson, J. Sci, Jnstr,, 1949, a6, 148. 
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tolerance and results m a small iield. Dyson calculates the coma in 
his long working-distance objectives m teims ol the Rayleigh limit. It 
IS remarkable that he should have adopted so rigorous a test in the case 
of objectives in which for many purposes considciablc departures from 
optical perfection could perhaps be tolerated. Grey takes care to 
calculate the aberrations of his designs and to express them in terms of 
the Rayleigh limit. 'Phese lew examples will sulhcc to show what an 
important role such calculations play in optical designing. It is only 
by their use that we can hope to obtain a generally accept(‘d and objective 
standard ol performance. The King’s College group have not carried 
out such calculations. Instead, they have proiioscd a new, experimental 
and purely arbitrary method of judging when coma becomes excessive. 
If I understand the test correctly they look at the image of a jjm-hole 
(the familiar star-test) using an intense light source. The asymmetric 
coma pattern is then observed and the field diameter at which the first 
bright rmg on one side of the pattern appears to the eye to bo equal in 
intensity to the second bright rmg on the other side is taken as a measure 
of the useful field. This might seem to be a difficult test to apply with 
accuracy as it depends on the ability of the observer to match the intensity 
of two non-adjacent points of light. The errors and difficulties of such 
estimates ha^^c been dealt with by Wright.^* I shall only point out 
that in trying to compare by eye the iiitensities of two points separated 
by two very much brighter regions great errors of contrast may arise. 
Even if different observers agreed in their judgments that would not 
prove that the test had any absolute value. 1 fre^dy admit that I have 
not been able to carry out the test as describ(‘d, but even if it is loo % 
accurate, we may still ask what does this test mean in terms of the 
Rayleigh limit or any other accepted criterion ? ” There seems to be no 
immediate answer to this and I believe one could only be given by means 
of difficult and laborious mathematics. The proposed test may be very 
much worse than the Rayleigh limit, or may be very much better. In 
its present form the test is quantitatively meaningless. 

Several King’s College objectives have been described. One of the 
earliest had N.A. 0*65, obstruction ratio 35 % of N.A. or 12*5 % of area. 
The field of this was stated by Mr. Norris to be 150-200 fi in the ultra¬ 
violet and it is also said to show slight spherical aberration in the ultra¬ 
violet. This objective does not in fact depart very considerably from the 
monocentric pair and its obstruction ratio is still in excess of the accepted 
tolerance (30 % ot N.A.). Wc might hardly expect it to show any very 
gross departure from rcjisonably good optual correction. 1 have b<‘en 
able to examine four of these objectives, two of them for a period of some 
months in my own laboratory. In cv(‘ry case the star test seemed to me 
to reveal the pn*scnce ol a good deal mote coma tJian I had been prepared 
to accept. That is of course a x>urely subjective cq^inion. The presence 
of coma worried mo and during a recent visit to the U.S.A. I carried out 
similar tests on the commercially produced Grey type of rcflccting- 
refracting objective. There was no noticeable coma even at fields in 
excess ol 200 I later asktd Mr. Grey if he had done any calculations 
which would enable him to compute the field of an objective similar to 
the one described above. He was able to state that in a spherical mirror 
reflecting objective of N.A. o«65 and 12*3 % of area obstruction, third 
and higher order coma would reach the Rayleigh limit at a field diameter 
of approximately 15 /t. This calculation concerns coma alone and takes 
no^ account of spherical aberration (which is stated to be present). On 
this basis there is a serious discrepancy between the calculated fi^re of 
15 ft and the experimental figure of 150 to 200 ft. It appears in fact that 

” Dyson, Proc. Physic, Soc„ 1949, 63, 565. 

« Grey, J, Opt, Soc, Arner,, 1950, 40, 283. 

’i Wright, Photometry and The Eye (London, Hatton Press Ltd., 1949). 
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the criterioTi used by the King’s College workers has led them to accept 
a degree of coma at least ten times in excess of the Rayleigh limit. 

I shall refer to two other objectives which have been discussed in public. 
They are (i) the objective referred to in the paper by Norris and Wilkins,^* 
with N.A. 0*6 and central obstruction 19 % of N.A. (just under 4 % of 
area). The field of this was stated to be 40-50 /a. (2) An objective re¬ 

ferred to by Wilkins in the programme of the Seventh International 
Congress on Cell Biology, Yale, 1950. This was stated to have 0*7 N.A. 
and central obstruction 5 % of area (about 22 % of N.A.). It will be seen 
that in both these cases the obstruction ratio has been reduced below the 
suggested limit of 30 %, a very desirable result. Now, in the first Burch 
microscope using aspheric mirrors, the N.A. was 0*58 and the obstruction 
ratio 25 % of N.A. or 6 % of area. Thus these new King’s College 
objectives, using only spherical mirrors, have excelled the performance 
of an aspheric mirror objective, both as regards N.A. and obstruction 
ratio. The second Burch microscope has N.A. 0-65 and obstruction ratio 
14 % of N.A. or 2 % of area, i.e. its obstruction ratio is better but its 
N.A. is only interme^ate between the two new spherical mirror objectives. 
Grey has calculated that for a spherical mirror objective of N.A. o-6 
■with an obstruction ratio of 9 % of area, third and higher order coma 
alone would limit the field to less than 10 fi. A reduction of the obstruc¬ 
tion ratio below 9 % would still further limit the field and these figures 
should be compared with those given by the King's College workers. 
In the case of an objective of N.A. 0*7 and obstruction ratio 10 % of area 
the u.-v. field is limited by 3rd and higher order coma alone to 8*3 /i. 
In this case the spherical aberration may not be entirely negligible. There 
did not seem to be much point in calculating the field for obstruction 
ratios below 10 %. I think nevertheless that these calculations should be 
done, for the sake of completeness. 

I feel that the evidence I have presented is at least sufi&cient to cause 
us to adopt a cautious attitude towards these objectives until further 
calculations have been made. As was pointed out by Mr. E. W. Taylor 
in the discussion and is also stressed by Conrady,* and is in fact implied 
in the statement by Wilkins ^ quoted earlier on, it is often very diflBicult 
to judge the performance of an objective by its photographic performance, 
particularly with objects whose structure is unknown. Thus apparently 
good photographs can often be obtained in the presence of quite severe 
coma, particularly when high-contrast photographic materials are used. 
The image no longer bears any definite photometric relationship to the 
object as much light has been scattered in a haphazard maimer over the 
field. The very real danger exists that biologists who may be unaware 
of the limitations of these objectives may take full-field photographs 
and try to interpret them as true absorption records. These objectives 
should therefore always be referred to as ** small-field objectives ". 

The preliminary calculations of Grey must clearly be repeated inde¬ 
pendently and extended if possible. It must not be thought, however, 
that this case depends on the accuracy of these particular calculations. 
In a sense they are irrelevant, and if they had never existed microscopists 
would still have wanted to know about the performance of these ob¬ 
jectives in terms of the Rayleigh limit. There is no justification for 
assuming that it would be safe to use such objectives for quantitative 
microphotometry whatever the size of the field in the absence of this in¬ 
formation. 

During the discussion it was suggested that the history of science is 
full of examples of experiment triumphing over theory. That is a per¬ 
fectly valid defence of an experimental approach proved that there is 
any reason to believe that the theory is founded on some vague and not 
generally accepted hypothesis. In the present case our theory is bsused 
on (i) the laws of reflection of light, wldch have been verified up to the 
limits of experimental accuracy and (2) a generally accepted criterion— 
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accepted evexi by the King’s College group themscU^cs i®—based on the 
diffraction theory of light. This theory has provided a basis for the 
calculation and design ol optical instruments which has been us<‘(l by the 
optical industry for many years wilhtiut being seriously ([uestumed. 
If, therefore, as the rt‘sult of a purely experimental aj^proacli the King’s 
College grou]> should now, or in the future, arrive at conclusions which 
conflict with those d(‘rived from theory we should have to ch'cido whether 
tluur experinuuital methods ari‘ snflieienily aceurale or whotlu'r iicarly 
all our fundamental opli('al <‘onc(‘pts ai'c ill-founded. If the future 
attitude of designers is to be ** tliis instrument was made exiXTimentally 
and we believe tliat it works until someone proves othci*wisc ”, then 
much time will be wasted in supplying that proof. 

Let us beware lest in our anxiety to elevate biology to the status of 
a quantitative physical science, wc do not at the same time lower ph3rsics 
to the present qualitative level of biology. 

My criticisms may be summarized as follows : 

(1) Spherical mirror microscopes have been designed, apparently 
without detailed preliminary calculations. In the absence of such cal¬ 
culations it is impossible to assess the performance of these instruments 
in terms of generally accepted standards. These standards have even 
been accepted by th(i designers thoins<‘lves.^ 

(2) A now, experimental, and arbitrary criterion has been suggested 
for estimating coma. The relationship of this criterion to the generally 
accepted ones is not known. 

Dr. K. Wi Keohane {Bristol University) said: The question of 
spherical mirrors for reflecting microscope objectives is one which has 
been fully examined on a theoretical basis. It is an accepted fact that 
for limited N.A. (less than 0*5) a spherical reflecting objective can be 
designed to give a performance comparable with that given by a standard 
refracting objective of equivalent N.A, If, however, it is desired to 
obtain higher numerical apertures it has always been held by opticians 
that a departure from spherical surfaces is essential. 

Dr. Wilkins’ photographs of newt cells certainly appear to be good 
but here should come a word of warning; one must not judge the per¬ 
formance of a 07 N.A. objective by the study of large objects. Specimens 
must be chosen that are approaching the limit of resolution of a 07 N.A. 
objective ; thus, a photograph of lyeponema Pallida or tubercle bacillus 
would have demonstrated the performance more conclusively. (The 
width of a spirochaeto is about 200 times smaller than the diameter of a 
newt cell.) 

Durch has shown that a reflecting objective can be designed up to 
0*65 N.A. using 0310 jwpheric £iud one sphericiil surjixcc and that if the 
tolerable offence against the sine condition is set as 1/400 (the Rayleigh- 
Conrady tolerance), the field is reasonably coma free. Such objectives 
have a good perforaiancc over at least 250 ft, as indeed would be expected. 
Now, regarding Dr. Wilkins* design, the only aberration that has been 
taken into accoTint is that of spherical aberration. Conrady^’ quotes 
permissible tolerance for the aberrations in his standard work. His 
actual figures are: 

(i) permissible spherical aberration is 6 X focal range, and 

(ii) permissible coma tolerance is > 

' N sin 

Now the focal range is where is the angle that the 

marginal ray makes with the axis, 

” Norris and Wilkins, this Discussion, 

« Burch, Proc, Physic. Soc., 1947, 59, 47. 

Conrady, Applied Optics md Optical Design [1929). 
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Therefore if sin 17 ^ = 0*65 then : 

(i) permissible spherical aberration is equal to ^^^2 

(ii) permissible coma is equal to 

0-65 


This shows that the degree of latitude one has with coma is about 
eight times smaller than with spherical aberration. Now, as spherical 
aberration afEects the whole field, it must be removed first in order to 
obtain good performance on-axis, but coma grows in direct proportion 
with the angle of the field, and undoubtedly is the most serious aberration 
for points a small distance off-axis. For larger distances astigmatism is 
the most troublesome. 

My opinion on the subject of bispherical objectives are that Dr. 
Wilkins was very wise to use an objective designed with spherical surfaces 
when he found that a Burch type microscope was not immediately avail¬ 
able as valuable results may be obtained using them. However, I feel 
that in this position one has two choices : {a) a monocentric bispherical 
type up to 0*5 N.A. (Burch ^®) which gives a quite large aberration-free 
field (there is only one drawback to this—as is well known from astrono¬ 
mical experience—^planetary detail is lost if large obstruction ratios, 
which are an inherent property of this type, are used). (6) A bi-spherical 
type similar to Wilkins's design : in this case one must necessarily be 
restricted to the small aberration-free central field. 

Assuming that Dr. Grey's figures are obtained using conventional 
permissible tolerances then the useful field may quite weU be extremely 
small, but, nevertheless, useful for limited purposes. 

The method adopted by Mr. Norris for judging tolerable coma (that 
the intensity of the second ring on one side of the Airey disc should be 
equal to the intensity of the first ring on the other side) is not one that we 
adopt, and I should have thought the estimation difficult unless photo¬ 
metric methods were used. Our practice is to measure the off-axis coma 
interfcrometricaUy and our mirror pairs have negligible coma at distances 
off-axis before the astigmatism becomes the over-riding error. This is 
obtained in practice by adjusting the mirrors so that the fifth order coma 
is optimally “ balanced " by negative Seidel coma before final figuring. 
The criterion of “ balancing " is only capable of precise definition when 
the correct use of the instrument is specified, i.e. it may be different for 
viewing bright stars or planetary detail, but one would expect such differ¬ 
ences to be unimporrant when, as here, the residual coma is very small. 
So, what we do, is to make the interference fringes ** as good as possible 

The controversy really reduces to : how much coma can be tolerated. 
In this respect, we in Bristol feel that conventional tolerances should not 
be lightly disregarded. 

On the question of Dr. Barer's on the correct illumination of a micro¬ 
scope : if one is to do accurate absorption measurements, the subject of 
microscope illumination becomes of the utmost importance. Some idea 
of the errors that might arise, if an objective is incorrectly fed and 
a pin-hole object viewed, can be illustrated as follows. A comatic image 
of a pin-hole can be simulated by such illumination, and, if light is thrown 
into regions where absorption measurements are being taken then clearly 
the measurements will not be reliable. Here one must make one proviso 
—^if the measurements are taken at the centre of a homogeneous field 
then as much light is thrown out of the area as into it from the neighbour¬ 
ing area. If, however, the measurements are taken on an area of a non- 
homogeneous field, then serious errors would arise. It is thus essential 
that one uses a well-corrected objective fed properly from a corrected 
condenser. 


Burch, Proc, Physic. Soc., i947» 59 # 



390 GENERAL DISCUSSION 

Underfeeding is wcU known to give rise to peculiar effects apart from 
decreasing the resolving power of the objective by decreasing its <'lfeciivc 
numerical aperture. In fact, if one wants to get photogiaplis which 
appear good one can underfeed the objective and g<‘l phase* efh'cts which 
produce hard sharp outlines to the structure tliat is being exaniinc'd. 

Dr. M. H. F. Wilkins (King*s College, Londov) [coniinumoated) : 
Dr. Harer's criticisms of our sphencal mirror n‘ilecting ol)jeetiv(*s can bo 
answered briefly as follows : 

(1) Measurement by interferometer shows that a Bt'ck type obji'ctive 
of o*6o numerical apcrtiin* and 35 % central obstruction of N.A. gives 
coma error on the wavefront reaching Rayleigh limit (A/4) at the t‘dge 
of a field of ca, 70 /* diameter for visible light and 35 /a diameter for 0*26 /j. 
ultra-violet light. For qualitative work the field is quite useful to twice 
the above size. 

(2) Calculation confirms that our coma criterion (intensity of 
first diffraction ring equal to that of second ring on opposite side of Airy 
disc) is approximately equivalent to the Rayleigh limit. 

Our new measurements of aberrations will be published soon. Almost 
all microspectrographic work may be done with a field diameter of ca, 
10 fi, and it is a pity that discussion was side-tracked at a Conference 
where it had been hoped to clear away confusion and to help establish 
microspectrography as a standard biological technique. 

Mr. E. W, Taylor {York) said: Dr. R. Barer has pointed out that, 
for the simple type of reflecting objective under discussion, there are few 
variables at the disposal of the designer. If the focal length is fixed 
there remain only the ratio R between the two radii of curvature and 
their axial separation. 

As the system is necessarily achromatic and only the two most im¬ 
portant aberrations can be eliminated, the choice must be spherical 
aberration and coma in that order. The separation must therefore be 
adjusted to control the former and the ratio R fixed with regard to the 
latter. This gives rise to an objective with a maximum aperture of about 
0*55 N.A. and an obstruction ratio of, say, 22 % by area. Field curvature 
and astigmatism will be present, but a useful field of view with a radius 
of 175 microns in the object space may be realized at a focal length of 
3 to 4 mm. This is the so-caUed monocentric construction in which 
R » rjr^ = 2*63. 

Dr. C. R, Burch, in his well-known design, has strictly adhered to the 
generally accepted tolerances for coma, and faced the very great techno¬ 
logical difficulties of producing an aspheric surface correctly figured to 
A/io or better. The reward will be an achromatic reflecting objective of 
the highest optical quality, characterized by increased numerical aperture 
and a low obstruction ratio, 

A less rigorous approach has been made at King's College as here the 
monocentric form has been abandoned for one which, when correcU'd for 
spherical aberration, also permits increased numerical aperture and 
a lowered obstruction ratio. This is, however, achieved at a price, and 
the price is an offence against the sine condition. This is the point 
about which there is some misgiving. 

In designing refracting objectives every effort is made to control 
the length of the comatic flare and a 3-4 mm. objective may be expected 
to yield good central definition over a field of a^ut 175 jx radius in the 
object space. The sagittal coma, at any point in the image, should not 
exceed 0*53 p, if the Rayleigh limit is not to be exceeded. 

If this tolerance is exceeded the useful field of view will shrink and 

Kingslake, Proc, Physic, Soc„ 1948, 61, 147. 

Martin, Mon. Not. JR. Astro. Soc., 1922, 82, 310. 

Nijboer, in Bouwers' Achievements in Optics (Elsevier Pub. Co. Inc,, 1946). 

^ Steward, Phil. Trans. Roy. Soc., 1926, 225, 131. 

»• Lord Rayleigh, PkU, Mag., 1879, 8, 403. 
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there will be a reduction in image contrast, since each point in the image 
will receive some light from neighbouring pomts. Moreover, on imaging 
an evenly illuminated object area, a symmetrical rcdislribulion ot light 
depending on the sign and magnitude of the comatic flare will take place 
in the image—each zone receiving some light from neighbouring zones. 
Such an objective may, however, give good photographic results as most 
of the light is concentrated at the head of the comatic flare and a plate of 
suitable characteristics wiU be little affected by the stray light piesent in 
the oblique image. 

The ratio of radii for the monocentric construction is 2*63 and the 
radius of the useful field, which is not in fact limited by coma, may be 
taken as 175 /*. If i? is between the limits 2*55 and 2*75 the coma will 
be within tolerance, but at J? equals 3*0 the useful field is halved, at 
R equals 3*5 it shrinks to about one-quarter, and at 5-0 it is reduced to 
a radius of 22 fi. These figures assume a numerical aperture of 0-55 and 
as the object of departing from the monocentric form is to increase the 
numerical aperture, the useful field will be still further reduced. 

The conclusion is that it is very desirable when specifying a reflecting 
objective, in which coma is present beyond the usually accepted limits, 
to state the radius of the field of view over which the coma does not exceed 
the permitted tolerance, and this, I think, is the main point which Dr, 
Barer wishes to make. 

Dr. R. Barer (Oxford) (communicated) : I am glad that Dr. Wilkins 
has now measured coma (as well as spherical abtrration) by an interfero¬ 
meter method. Had this been done before the Discussion Ihrc^e months 
ago (and particularly before some of these objectives were releastd cem- 
mercially), much criticism could have been avoided. Unlortunately the 
results of the test as applied to the objectives mentioned at the Dr^cussion 
and in my criticism are not givtn. Instead, an entirely new objective is 
mentioned, and the size of field as estimated by the King's College coma 
criterion is not stated. I shall not at present ispute Dr. Wilkins* -stale- 
ment that calculation sho^vs that the latter criterion is approximately 
equivalent to the Rayleigh limit. If that is the case, the doubts expressed 
by Dr. Keohane and myself concerning the practical difiBculty of the test 
seem to be ju.«5tified. The u.-v. field of the 0-65 N.A. objective was origin¬ 
ally given as 150-200 /*, The field of a similar o-6 N.A. objective is now 
given as 35 /t. As the field of an objective of higher aperture would be 
even smaller, it is clear that there is a very considerable discrepancy 
between these figures. 

It win be noted that the 0*65 N.A. objective is no longer considered 
by the designers to be suitable for critical ultra-violet work, irrespective 
of the field used. Users of this objective would thus hardly regard the 
discussion of its performance as a ** side-track ’*. Wc shall not help 
establish microspectrography as a standard biological technique '* until 
we adopt a critical attitude toward-s our methods and apparatus. 

Dr. R. Barer (Oxford) said : I do not think there is any great mystery 
about the estimation of absorption in small objects. Caspersson's 
theory shows that good accuracy can be obtained from measurements 
on objects 3 to 4 A in width. This figure fits in well with other investiga¬ 
tions on diffraction phenomena which often show that the equations 
derived from physical optics approach those derived from geometrical 
optics at about these dimensions. It is generally agreed that the accuracy 
of measurement must fall off below this limit. By making certain simpli¬ 
fying assumptions Wilkins has shown that the density of a rod-shaped 
body I A in width and thickness can be determined with about 20 % 
error. If the body is round or square the errors are doubled, i.e. to 40 %. 
It seems doubtM whether such measurements could be called quanti¬ 
tative. The great dif&culty in all biological work is that we usually have 


•* Casporsson, Skand, Arch, Physiol.^ 1936, 73, Suppl. 8, 
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to deal with bodies which are not regular in size or shape and whoso 
thickness may be unknown. Nearly all iheories of microsco])y deal with 
two-dimensional objects, whereas in practice most objects are three- 
dimensional. 

There is another cause of inaccuracy to which insiiflhienl attention 
has been d^a^vu, namely the fundamental limitations of our microscopes. 
The Rayleigh limit is sometimes reh^rred to as if it wen* a standard of 
perfection beyond which it is uniK'cu'ssarv to go.2® This is by no means 
the case. Even in a theoretically |K‘rfect optical instrument the imago 
of a point is rendered as a central conctuitralion of light surrounded by a 
series of rings. About 85 % of the light is concentrated hi the centre. 
At the Rayleigh limit, however, only about 68 % is concentrated in the 
centre, the rest being spread out over tli<* surrounding area, 'rhus oven 
in an instrument corrected to this degree of accuracy (which is generally 
agreed to be desirable) our absorption mejisurcinents would be by no 
means devoid of error. In fact, hi order that the loss of light from the 
central condensation should not exceed i %, we should have to work 
within one-quarter of the Rayleigh limit I fear that this would impose 
too great a limitation on the designers and constructors of high-aperture 
microscope systems. Thus, added to our biological difficulties we have 
fundamental phyiiical limitations. Wc must clearly ('xercisc great care 
lest we overestimate the accuracy of our results. 

I am in full agreement with Dr. Wilkins concerning the pitfalls due 
to out-of-focus cEects. Such effects have, of course, been very familiar 
to biologists for many years and were dealt with by Zernike in his well- 
known papers on phase-contrast microscopy. The pomt to emphasize, 
however, is that such effects arc almost inevitable in most cytological 
material, as our specimens arc very rarely homogeneous, even in very 
thin sections. This is another fact which must limit the accuracy of 
photometric work, and unfortunately the magnitude of the errors in¬ 
volved must vary from specimen to specimen, and is very difficult to 
assess. 

Another rather paradoxical point concerns the method of illumination 
used for absorption measurements in microscoi>y. It is often suggested 
that a narrow illuminating cone should bo used as this avoids disturbing 
refraction and reflection eflccts, as well as enabling a greater proportion 
of the diffracted light to l>c collected by Ihe objective. On the other 
hand every practical microscopist, from the days of Nelson, knows that 
such illumination usually results in a v<‘ry poor quality image. Ideally 
one would like to obtain incoherent illumination, i.e. the object should 
bcluivo like a self-luminous body. This is substiintially the case when 
the illuminating aperture is <‘qu?d to the objective aperture. In practice 
most microscopists use an3rlhing belwt‘en a 2/3 and 9/10 illuminating 
cone, in order to avoid loss of contrast. If the illuminating cone is further 
reduced the illumination becomes more coherent and un])leasant inter¬ 
ference haloes may appear. Out of focus pliase-contrast effects also 
become pronounced, liius we arc apparently hiced with the choice of 
using a narrow illuminating cone with a poor image, or a wide illuminating 
cone with a good image, but with a danger of introducing refraction 
effects and possibly not collecting all the dijGfractcd light. It would be 
useful if these two methods could bo compared experimentally. It is 
possible that for large homogeneous specimens the results would not 
dijffer very greatly, but for biological material composed of small hetero¬ 
geneous areas, considerable differences might be found. It should not 
be too difficult to measure the absorption of a given object under varying 
conditions of illumination. 

It win be clear from the remarks I have made during the discussion 

Hardy and Perrin, The Principles of Cities (McGraw Hill, New York, 1932). 

*• Zernike, PhysiK Z,, 1935, 36, 848 ; Physica, 1942, 9, 686, 974. 
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that I am not in entire agreement with those who set great store by very 
accurate quantitative measurements of u.-v. absorption by biological 
material. This is mainly because during the last few years I have been 
very greatly impressed by the difficulties, both physical and biological, 
which beset this type of work. We must not confuse accuracy of measure¬ 
ment with accuracy of interpretation. I believe it is possible to obtain 
measurements of transmission which arc highly reproducible, but the 
translation of these into quantitative chemical terms is another matter. 
For that reason I believe a qualitative or semi-quantitative approach is 
likely to be more fruitful and certainly less misleading at this stage. 
The crux of the matter is that it is the biological problem which counts. 
Microspectrographic methods are most valuable when they can be related 
to functional or physiological variations. 

Dr. T. A. Kletz (/.C.J. Billingham) said : We also have constructed 
a reflecting microscope for recording the infra-red spectra of smaller 
objects than is possible by conventional means. The general arrange¬ 
ment is similar to that described by Mr. Fraser though the spectral 
resolution we have obtained is not as good as his. For a rock-salt prism 
his results would be exceptionally good even without a microscope in the 
optical path. 

As the usual difficulty in infra-red spectroscopy is the small amount 
of energy available our microscope was designed by Mr. C. H. Bosanquet 
so as to give high radiation transmission (i.e. high N.A. combined with 
low central obstruction) without too much loss of definition in the final 
image. The N.A. is o*866 and 13 % of the light is lost by central ob¬ 
struction ; the sphere of confusion is 5 microns (i.e. the image at the 
sample of a point on the sUt is 5 microns diameter). This should be 
compared with the N.A. of 0*40 used by Blout, Bird and Grey*’^ and 
by Gore.®® 

The microscope consists of identical condenser and objective halves. 
The radii of curvature are 25 cm. for the large mirror and 0*25 cm. for the 
small one. The microscope is used with a Hilger Industrial (H. 603) 
spectrometer fitted with a rock-salt prism, used as a recording instrument. 
The spectrometer is of the Wadsworth type but modified so that the 
ofif-axis aberrations of the two spherical mirrors compensate.*® The out¬ 
put from the Schwarz thermopile is amplified by a Hilger photo-electric 
amplifier and recorded photographically. 

At a magnification of 12 diameters the beam coming from the micro¬ 
scope just ffils the aperture of the spectrometer (//4-8). In practice it 
is found convenient to use a magnification of 18 and the beam then has 
an aperture of //7'35. The quantity of radiation entering the spectro¬ 
meter is thus reduced to (4*8/7*25)* or 42-5 % of its normal value. When 
allowance is made for the radiation lost by central obstruction and by 
reflection at nine extra mirrors (5 % each time) it is seen that only 23 % 
of the normal amount of radiation enters the spectrometer. If the 
amplification is kept the same the slits widths have to be doubled, but it 
is found possible to double the amplification without increasing the noise 
level too much and then the slits widths have only to be increased 1*4 
times. It would be preferable to use the reflecting microscope with a 
spectrometer of lower aperture than //4*8 but the Hilger Industrial was 
the only one available. 

The length of the slit is 8 mm. and its maximum width 0*5 mm.; 
at a magnification of 18, objects as small as 450 ft x 30 /t can be examined. 
If it is desired to examine an object only 225 ft long then it is possible to 
double the magnification to 36 times, thus decreasing the energy entering 
the spectrometer a further 4 times, or to use only half the length of the 
slit, thus halving the cner^ entering the spectrometer. The latter is 
the better course provided the object is 30 /t wide and, except for fibres, 

7. opt. SoG. Amer., 1950, 40, 305. Science, I 949 » * 7 io* 

Czerny and Turner, Z. Physih*, 1930, 61, 792. 
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this is usually the ease. The slit widths used with the iuicr()scop<j are 
equivalent to lo cm.”^ at (i /x and 5 ‘d 10 to 13 fi. Many of the 

materials examined scatter a lot <>l radiation mul the slit widtlis used 
have to bo increased to compi'nsat(^ Rn* this. 

The image formed by the microseo])e is transferred to the slit by 
2 concave mirrors arranged so that their oll-aNis aberrations <ompeusate. 
The spectrum obtained is of a portion of the object s(‘Ieet<‘d by the slit. 
As the imagt* (or stiictly the p^ntion oi it that passes tlirough the slit) 
is larger than tlu^ small miiror of tJu^ inuToseopt^ radiation from the 
small mirror passing through the exlnrnities of tin* slit diverges wid(‘ly 
from that passing through the ct‘litre. If the image from th(‘ microscope 
is formed directly on the slit, much of the radiation falls above and below 
the collimator and is lost; in the present case 37 % would l>e lost in this 
way. It is important that the mirrors used to tnuisfer the imagt* on to 
the slit collect all this diverging radiation and focus it on to the collimator. 
Similarly, the mirrors used lo illuminate the microscope condenser must 
illuminate it with the correspondingly converge^nt rays. Stray light can 
be eliminated by mounting the object on a plate with a small hole in it 
for the light to pass through, or by focusing an aperture stop in the plane 
of the small mirror of the condenser. 

The rcjBlecting microscope luis been us<‘d for obtaining the spectra 
of small crystals, fibres and of small pieces of ])laiit tissue. Many of 
the spectra that we have obi aim'd for ])liint tissue are rather similar; 
highly specialized types arc the most likely to x>i“^>duce characteristic 
spectra : thus the cuticle, the layer of alcohols, long-chain acids, esters, 
etc., forming the outer layer of a leaf, has a sxieetrum (piite distinct from 
that of the epidermis immediately beneath it. 

Dr. M. H, F. Wilkins (Kivg*s College, London) (said) ; The method 
we use to test a microscope objective and, in fact, tlie whole apparatus 
for microspectrographic work, is to photograx>h small opaque objects 
of a size equal to that of the object, the absorption of which is to be 
measured. We then measure the amount of light scattered or diffracted 
into the part of the image which should be black. In this way the 
errors of the method may be estimated directly. 

Recent measurements by K. P. Noi'ris show a Bi‘ck 0-65 N.A. objc'ctive 
has almost Rayleigh limit spherical alx'rration for X 0*25/a, and half 
Rayleigh limit for visible light. As a result it would be advisable for 
critical ultra-violet work to use a Beck o-OoN.A. (instead of 0-65 N.A.) 
objective which has half the above spherical aberniliim. 

Mr. W. E. Seeds (Kiytg*s College, London) {sitid) : Experimtniis arc 
being carried out on 4; 6-cIimothyl-2-hydr(>xypyrimkUw-2ll*(> whose 
structure has been determined by Pitt.®® 'fhe ]>yrimidene rings are flat 
and lie with their plane.s parallel; in these plane's th(^ molccukjs ail point 
in the same directum. Whtm the crystals are grown on a slide the 
normal habit is such that the pyrimidtnu' planes he nonnal to the 
surface. Preliminary measurements of the. \iltra-violot absorption and 
dichroism of these crystals have been made, for light polarized with 
the electric vector £ mainly perpendicular, and paralkd to the pseudo 
diad axis of the crystal. There is a very marked dichroism, the ab¬ 
sorption of E parallel being about nine times as great, at the maximum 
of thjs absorption curve, as that of £ mainly perpendicular. The ab¬ 
sorption curves both show line structure. However, as divergent light 
is used, the curve of E mainly perpendicular will contain not only the 
absorption of light polarized with jB perpendicular to the diad axis and 
the plane of the molecule, but also of E perpendicular to the diad axis 
and pajallel to the plane of the molecule. We have now succeeded in 
growing the crystals such that the plane of the pyrimidenc ring lies parallel 
to the surface, and it is hoped to investigate the dichroism in this plane. 


®® Pitt, Acta Cry si,, 1948, i, 168. 
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In connection with, this work we have been using a low-temperature 
stage which was designed by Dr. Wilkins and myself. The specimen 
is mounted on a fragment of coverslip and rests on a small copper disc 
which is cooled by circulating liquid air through very thin copper tubes 
soldered to it. The stage and cooling tubes are enclosed in a vacuum 
chamber and viewed through a fused quartz window, o-i8 mm. thick. 
Full details will be published elsewhere, but it is of interest to note that 
temperatures of the order of 90® K are reached in approximately ij- sec., 
actual freezing being almost instantaneous. The overall thickness of the 
apparatus which fits on the stage of the microscope is 5 mm. approxim¬ 
ately. With this apparatus it is hoped to accentuate the fine structure 
of the absorption curve. 

As suggested by Prof. C. A, Coulson, the results of this investigation 
should enable one to decide between alternate possible theories of ultra¬ 
violet absorption. 

Prof. B. Commoner (Washington University, Saint Louis) said : I 
find it necessary to take exception to certain parts of Dr. Wilkins' paper. 
He has devoted part of his paper to (i) a presentation of what he purports 
to be certain points made by me in a recent paper on u.-v. absorption by 
cellular nucleic acids, (ii) an attempt to show that my criticism, as de¬ 
scribed by Dr. Wilkins, of certain practices in u.-v. microspectrophoto¬ 
metry is unsound ”, and (iii) a statement concerning the practical 
importance of dichroism in u.-v. analysis of biological objects. I should 
like to make the following comments concerning these three statements. 

(i) Dr. Wilkins' restatement of my criticisms of certain interpreta¬ 
tions of u.-v. extinctions is not accurate. He attributes to me the argu¬ 
ment that nucleic acid concentrations which give extinctions of 0*5 when 
unoriented, give extinctions of 0*3 when oriented (examined in unpolarized 
light), and offers an argument which is supposed to answer this version 
of my criticisms. I shall discuss his argument below, and at this point 
assert that nothing resembling Dr. Wilkins' restatement of my position 
appears in the papers which I have written on the subject. In the interest 
of accuracy, I should like with your indulgence to summarize the actual 
content of the arguments offered by me in the papers in question. These 
are the following: 

(a) It is the apparent purpose of studies of the u.-v. absorption of 
cytological objects to determine the amount of specifically absorbing 
material, usually nucleic acid, present in the structure. The success of 
the experimental and interpretive procedures used in such studies should 
therefore be judged by this criterion. 

(&) In the investigations which I have undertaken to criticize, the 
relative concentration of nucleic acid is calculated from the extinction 
of a given thickiiess of the object at 260 m^i. This calculation is based 
on the assumption that extinction is proporticnial to nucleic acid con¬ 
centration for all concentrations encountered^ In some studies the absolute 
nucleic acid content of the object is calculated from the measured ex¬ 
tinctions and the specific extinction of nucleic acid in dilute solution. 
This calculation involves the further assumption that the extinction at 
260 mil per molecule of nucleic acid is identical in solution and in the compieje 
physical states occurring in biological objects. 

(c) These assumptions are not warranted by fact. To my knowledge 
the assumed linearity between extinction and concentration has never 
been demonstrated by actual experiment for any biological object other 
than the fluid vacuoles of plant cells. Furthermore, there are a number 
of reasons for believing that the relationship between extinction and 
nucleic acid concentration of biological objects cannot be linear over 
the range of concentrations encountered. One of these reasons is the 
effect of nucleic acid dichroism in limiting the maximum extinction 
given by an absorbing structure. That extinctions of 0*3 occur with 
unusual frequencies in these investigations fits in with this suggestion. 
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To my knowkdgo no altcriuitivo ex]>Jaiiatiou of the iinantici]>ated pre¬ 
dominance of this particular extmetion value has been published. There 
are, of course, sev(*rcil other grounds on which the assumption of linearity 
may be queslioned. It is a cominou]>lace that the relat ioiislii]> between 
E and concent rat ion for dissolved substances is iiol lin(‘ar beyond llui most 
dilute solutions, and indeed few chemists would be willing to forego the 
practice' of actually measuring calibration curvi's for colorimetric nsactions. 
My chief criticism of the invi'stigations in qiu'stion is, tluuvfore, that the 
assumed linearity between extinction at 2(>o ni/t and uuch'ic acid concentra¬ 
tion, while essential to the validation of the conclusions reaclied, has in 
fact never been inoven, and on the grounds <^f diebroism as well as for 
other reasons is open to serious question. 

There is a clear disparity bt‘tween Dr. Wilkins’ rostatenient of my 
argument on this question and the actual statements which I have made. 
His version of my criticism restricts the probkun to that of a single ex¬ 
tinction, 0*5 ; the essence of my iKisition is that the point in question 
is that of proportionality over a wide nmge of nucleic acid cojiccmt rations. 

Dr. Wilkins’ restatement of my position is incorrect in another way. 
He ascribes to me the view that the work of the CasiXT.sson school is 
invalid because the dichroism of nucleic acid has not been taken into 
account'*.* This is not my view of the question. The point which I 
have made is tliis : The extinctions of intracellular objects at 260 m^t 
do not necessarily reflect their actual nuck'ic acid content and (that) 
considerable caution must be used in interpreting such data It is 
not my position that the quantitative investigations of ('aspersson and 
others are invalid, but that with respect to a very critical assumption, 
the validity of such studies has yet to he established. It is essi'ntial that 
this be done, or that the question be otherwise resolved, for in the absence 
of such validation biologists have no sound basis for judging the signifi¬ 
cance of the rather sweeping biological conclusions which have been drawn 
from many u.-v. microspectrophotometric studies. 

(ii) Dr. Wilkins argues that the absence of birefringence in visible 
light in a biological object is evidence that the nucleic acid is not oriented. 
The fallacy in this argument is shown by Caspersson's r<*port®® that a 
nucleic acid film sutTiciently oriented to give a dichroic dilforencc in ex¬ 
tinction of 0*22 will show birefringence in visible light which is so slight 
as to lie at the limit of sensitivity of this method. Since this small effect 
would need to bo detected in the presence of a much larger effect of opposite 
sign rising from protein orientation, ii seems obvious that the possibilities 
of judgmg the dogrc'o of nucleic acid oricuilation in biologicjil objects 
from visual estimations of the degree of Iwrefriugiuicos are. very slight 
indeed. The uscj of such a crude and fallible method would ctjrtainly 
jeopardize the precision of microspectrophotometric procedurt's, the 
accuracy of wlucli is so carefully protected at other points. 

(iii) Finally, Dr. Wilkins finds it ** comforting " to tliink that the 
effects of nucleic acid dichroism may be iKjglccted cxct'pt in certain un¬ 
specified cases where there is a ** high degree " of orientation. He is of 
course at liberty to ignore the need for determining quantitatively the 
relation between extmetion and the number of molecules scanned. But 
he does so at his own peril. The ** comfort" achieved by ignoring 
experimental complications is notoriously short-lived. 

Dr. M. H. F. Wilkins (Biophysics Ees, Unit, King's College, London) 
(communicated) : Dr. Commoner's arguments give me no reason to alter 
my evaluation of^ lus paper on ultra-violet cSchroism. He is mistaken 
a'^ut the sensitivity of birefringence measurements; 5mft of path 
difference (referred to in the reference he quotes) is obvious in any good 
polarizing microscope, and with refined tedinique it is possible to detect 
even 0*03 m/i.*® 


* This Discussion. 

Science, 1949, no, 31. 
•• Swann and Mitchison, 


Chromosoma, 1940, i, 614. 
J, ExpL Biol, 1950, 37, 226. 
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Mr. H. G. Davies (Biophysics Res, Unit, King*s College, London) 
(communicated) : It has been shown that under the conditions given 
in my paper the ultra-violet dosage used in examining living cells photo- 
graptdcally is likely to produce some upset to the cells after only a few 
photographs at a wavelength of 265 mfi. Calculations have been made 
to determine approximately what reduction in dosage may be expected 
when cells are examined using a photoelectric technique. Clearly, using 
this latter method we can study the absorption of one particular cell 
component without irradiating the rest of the cell. This would be difficult 
to do photographically. Conversely, to obtain information about the 
entire cell photoelectrically we should have to use some sort of scanning 
technique. However, it is proper to compare the relative amounts of 
energy required photographically and photoelectrically to obtain the 
opti^ density of the same area of the cell to the same degree of accuracy. 
This accuracy is that of recording apparent optical density which itself 
is subject to the many errors arising out of the nature of the biological 
material. These latter errors are the same in both cases. 

Consider first the photographic film. When all pure calibration errors 
have been eliminated from the photographic method, errors still arise 
due to the uneven distribution of the silver grains. These errors can be 
determined by taking a series of microphotometer traces across an evenly 
exposed film with microphotometer spots of varying area. It is found, 
as is to be expected, that percent, mean deviation of galvanometer de¬ 
flection is inversely proportional to the square root of the area of the 
microphotometer spot. The use of this method for comparing the rela¬ 
tive graininess of films is well known.®^ The error in measuring cell ap¬ 
parent optical density is related to the error in measuring film density 
by the film gamma. The accuracy of recording the former increases with 
increasing film gamma. Furthermore, it is to be expected that the error 
due to graininess in recording the density of any particular area will itself 
be a function of density,*® since it is generally stated that film resolving 
power which partly depends on graininess is a function of film density. 
Experimental data obtained for Kodak Microfile Pamchromatic show 
that at X 100 magnification the smallest body of apparent optical density 
0*3 that can be measured to accuracy of ± 2 % due to errors from this 
cause is about 0*2 in area. These considerations represent the directly 
useful approach to film resolving power under conditions where turbidity 
can be neglected, and indicate how the proper magnification on to the 
film can be chosen. 

Photoelectrically the ultimate limit is set by the statistical fluctuations 
in the number of emitted photoelectrons and accompanying thermionic 
electrons. The calculations are referred to a caesium antimony surface 
such as is found in the R.S.A. I.P. 28 photomultiplier, where the quantum 
efficiency is about 6 % at 265 m/* and the thermionic emission is 10-^* A.* 

It may be shown that the signal/noise for a photomultiplier tube 
and the energy E required for a measurement are given by the expressions : 


Sn»- 


2eA/(4 + hY 



(1) 

(2) 


where ip is the current due to emission of electrons by the photoelectric 
eflect; it is the thermionic current; e is the electronic charge and A/ the 
band width; E is the energy in W sec.; t is the response time of the 
system and a is the sensitivity of the photo-cathode in A.W.~^ The band¬ 
width A/is taken as 2 c./sec, and the corresponding response time of tlm 
system i /4 see. Calculation using eqn. (i) and (2) shows that in measuring 


** Dunham, Proc. Vlllth Int, Phot. Congress (Dresden, 1931). 

van Kxeveld, /. Opt. Soc. Amer., 1936, 26, 170. 

• K.C.A. Data Sheet. 
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the same area as above of density 0-3 to the same degree of accuracy, 
± 2 % at a wavelength 265 only about 1/7 of the energv is n‘c]uired 
photoolectrically. By suitably cooling the ])liotooathode the thermionic 
emission can be almost completely eliminated and statistical t lu‘ory simply 
shows that the energy E for a measurement is given by 


TJie energy required j)hotoelectrically is tJi<‘ii only about 1/30 of that 
required photographically. This ratio is also approacJn‘d in tlu‘ i)res<‘nc(‘ 
of thermionic emission with light sourc(\s of high iiitcuisity ajid corn‘spoud- 
ingly reduced response time. Comparison of this sent, providt^d the 
assumptions on which they are made are kept in mind, sliow the ultimate 
ratios of sensitivity which can be attained photoeh*ctricalIy and ]>lK>to- 
graphically when account is taken of inherent limitations of a statistical 
nature and all calibration and such-like errors have been removed from 
the apparent optical densities recorded. 

Dr. R. D. B. Fraser {Ki}ig*s College, London) {communicated) : The 
frequencies of the absorption maxima in the s]>ectra of h'ig. 5 of my paper 
are given below : 

Collagen Fibre ; 3325 s. perp., 3085 w. perp., 2<)5o w, (2860), 1655 
s. perp., 1550 s. par., 1455 w. par., (14-10) par., 1391 w, 13.10 w, 1245 m. 
par., 1203 w. par., 1165 w. perp., 1082 w. perp., 1032 w. jxnp. 

Sodium Tiiymonucleate ; 3350 s., 3195 s., 2960 in., (2860), 2770 w., 
1690 s., 1632, 1530 w., 1482 m., 1412 w., 1358 w., 1243 s., (1180), 1092 s., 
1070 s., (loii), 964 m. 

(Approximate relative intensity is indicated by s =« strong, m 
meium and w»weak,* brackets refer to shoulders on stronger bands. 
Perpendicular dichroism refers to a greater absorption with the electric 
vector vibrating at right angles to the fibre axis.) 

It is noteworthy that the Nil stretching band in collagen occurs at 
3325 cm.“^ which is significantly higher than the values observed in a 
and i 5 -keratins. The spectrum of sodium thymonuclcate shows con¬ 
siderably more detail than that published by Blout and Fields®’ and should 
assist in the assignment of some bands. From the contributions of 
R, C. Gore and D. C. Smith to the Discussion it seems probable that the band 
at 1243 cm.“i is to be avssigned to the valence vibration of the phosphoryl 
groups, whilst the region of strong absorption around 1080 cm.”*^ is to bo 
associated with the G—O—P linkage. 

Engstrom, /. OpU Soc, Amer,, 1947, 37, 420. 

J, Biol, Cheni., 1949. 178, 335. 


II. APPLICATION OF MICRO- AND 
MACRO -SPECTROGRAHY 

STUDIES WITH A REFLECTING MICROSCOPE : 
MICROSPECTROSCOPY OF LIVING 
AND FIXED CELLS 


By Robert C. Mellors 

Received xZtk July, 1950 

The refleciwg microscope is used with a spectrograph to record the ultra¬ 
violet absorption and fluorescence emission in cdlular areas of x ^ * or loss, and 
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to detect ia cervical smears optical diHerenccs between normal cells and cells 
which have abnormal features suggestive of but not conclusive for cancer. 
Quantitative measurcunents of light absori>tion are made in uninjured living 
cells of mesenchymal origin in the resting and the dividing states : the corrected 
extinction at 2()0 m/t is of the order of 0*3 or less in the nuclei of resting colls 
ami 0-8 in (hioinosomal material of dividing cells. 

A niotliod of s<*rondary lluoresccncc miciophotomctry developed for the 
scanning of of a smear and the detection of c(*UuLir abnormalities relates 
the lliioresetuioe intensity and the chromatin content of the nucleus. Two 
classes of normal epithelial cells of the cervical smear have average relative 
lluoresc(Mice intensities of 1*7 and whereas three classes of cells with 
increasing degrees of morphologic abnormality liave relative values of 3*0, 4-1 
and ()*2 lespectivt^ly. 


During the last two years the potential usefulness of the reflecting 
microscope has been investigated in diverse problems of cellular biology 
and pathology.^* ® The ])rescnt communication describes the methods 
and the results of some of these investigations. The reflecting microscope 
is used with a s])cctr()graph to record the ultra-violet absorption or the 
fluorescence emission in minute portions of cells. In another optical 
system the microsco])e is illuminated with a monochromator for the de- 
temimation of ihc ultra-violet light absorption of living cells in the resting 
and the dividing states. A quantitative method for the detection of 
cellular abnormality in tenns of nuclear secondary fluorescence is de¬ 
veloped from the ])oint of view of its liotcntial usefulness in scanning and 
processing diagnostic smears in clinical oncology. 

Experimental 

Optical Methods.- -The reflecting microscope has been used in the follow¬ 
ing manner for studios in the ultra-violet and visible regions : 

(a) With an achromatic monochromator (Plate I, a) and cither photo¬ 
graphic or photoelectric recording, as in (1) microscopy and photomicrography, 



Fig. t. - Diagram of reflecting microscope and sp(*ctrograph. 

(2) fliiore.sc<*nc<‘ microhcopy, (3) colour translating microscopy,* {4) polarizcxl 
light microscopy, and (5) microradiation ol living cells, and 

(/;) With a <|uaitx spectrograph (Fig. i and Plate 1 . n) and photographic 
recording, as in (i) absorption speetrography an<l (2) fluorescence spoctrographv. 
Kefl<‘cliiig condenser L, focuses .spectrum of sourc'c on object. JtclUnting 
objective images obj<‘ci () on slit S. lmngt‘s O' tnre tlis])ersed by prism P 
and re.focusc‘<l by lens I** on photogi-juphic plate, h'or lUioreKcence spectro- 
graphy suitable filter is inserLcd near S, or proximal to f-j. 

Monochromator.—The monochromati^r (Perkin-Elmer) which has effective 
aperture numbers of 4*5 and 6-0, respectively, in the axes of slit height and width 
is achromatic throughout the optical spectrum. Two methods of illuminating 
the reflecting microscope arc illustrated in Fig. 2. In the iisual system, (a), the 
prism or the grating of the monochromator is imaged in the plane of the object; 
the field of the objective but not the aperture can be filled with light as the slit 
width is decreased ; and there is no variation of wavelength across the field. In 
the alternative system, (6), the exit slit of the monochromator is imaged in the 
plane of the object; the dimensions of tho field but not of the aperture decrease 

^ Mcllors, Amer. /. Med„ 1948, 5, C26. 

* Mcllors, Berger and Streim, Science, 1950, m, 627. 

» Mcllors, Keane and Streim, Nature, 1950, 166* 26. 

* Brumberg, Compt, rend. 1939 » ^ 5 $ 473 * 
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I [MNG \Nn T I\1 CT I I S 


witli the blit width and the it is \ uni ion of wntUnc,th icios the field 
bystem (ei) is pitftiitd for phot omit locfi ij)li> when is system {h) is m m useful 
formieio il soiption me isiiiemdits of mill u< is it hijfh pccti il k solution 
la the teeneril <\pi(SMou lelitiUv^ Hit optics of (lit mulo topi ind the 
monoehiomitoi ^ 


<(c 


i/fl 




fg/df, ind f^fdft IK (ht ipdtnu mind) i of Hu nu lu < hionuloi olliniitoi iiul 
initiosci p< objtttivt i(spt<ti\<l\ d is Hu mon k hi )in itoi slit wulHi ind 
(if u\d M IK Kspctti\(lv Hu Ik Id ol \it\v ind tiu mi mlu ilion of tlu inuio 
scope objcetiM If tlu v ihus fc/d^ t> o fi/d^ o i iiul df o is nini u< 
substituted in tlu (quition llu slit wulHi /> is loiiiul I > lx i S inm At -->0 ni/i 
the lineal disptision it the esil slit of Hu im m t loom itoi is -o ni/i pd mm 


p t, « L, 



t4 t. 



1 IG 2 —iwo systems of illiimm it ion with i nionoehiom itoi 

(a) The prism 01 gnting 1 ^ is ini iged ni tlu object pi me, O {h) Ihe exit slit, 
b, IS imaged in the object pi me O 


so that the icquiied band pass is y 6 m/* In pi ulitt the bright lines of the 
mcicury arc (Typo All—j.) rathex tlun a eontnuuiiii aie used as ihe source of 
ladiation 

Reflecting Objectives,—The aehronntie objectives are used in identical 

? airs as objective and condenser which aie illuminated by the method of Kohler 
wo designs are employed that of Kavinigh,® a two miiroi spheiical system 
with numeiical apeiture o 56, ape 1 tine numbei o 7 and magnification 50 times , 
and that of Gioy,’’ a iwo minor spheric d and icfneling system with numeiieal 
apertmo o 72, aperture numbei o *5 and m ignilic ition 53 times 

Spectrograph.—Iho e^uait/ sptciieigriph (liilgei) which Ins as apeiture 
numbei ii is used wnth a lefltctmg objeetivc of ipcituie number 07 After 
substitution of these vilius in the genei d txpitssiou® 


Is 

dc do 






where and fold^ aie lespectivcly the ipdimi nunibds of the spittrogi ijih 
colhmitoi and the mictoseopo objeilivt, it is found Hut Hu objntivt in igiu 
fie ition A/ icquucd to lill llu apcituu ol Hu peetiogiiph with light shoulel 
not exceed i«; In aetnd pi ictite the objeetive nuginlu ilion is s<> ‘'O thit less 
than the full apcrtuic inel itseilvmg jowti oi the speetioMiph ue utib/cd 
Foi a souiee of ladntion fiom 230 to 650 in^i the eontinuum of the hyeliogcn 
arc and the blight lines of the mtieuiy aie aie used llu minimum slit width 
liimtcd by the sensitivity of the recoicling mate ml and by other eonsidei ations 
xs 15 ft which corresponds to a linear dimension of 0*3 ft in the object 1 he 
minimum slit height limited by the image dimension whuch can bo analyzed 
in the recording densitometer 15 30 to 50 ft 

Recording Methods,—^The most satisfactory photogiaphic emulbions arc 
Kodak 1372, 103-0 UV, and Spectrum Analysis No i for ultia-violet photo¬ 
micrography , Kodak 103-0 Uv and SWR for absorption spectxogiaphy, and 
Kodak Txi X Pan for fluorescence spcctiography Ihe calibration of film 01 
plate IS earned out by means of a lotating sector placed near the image plane 


* Loofbonrow, J Opt Soc Amer , 1050, 40, 317 

• Kavanagh, peisonal communication 

^ Grey, J Opt Soe Amer , 1950, 40, 283 
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Plate 11. 



(a), (b), (d) and (r) are spcctromicrographs, respectively, of lields indicated 
in phase photomicrographs, (c) and (i«), by the area ab(l(. Parabasal cell in 
(c), Class V (malignant) cell in (f). Field nLignification in phase photomicro¬ 
graphs, xboo; in astigmatic spectromicro^aphs, xOoo laterally, X2oo 
vertically. Cervical smears fixed in iormalin-saline. 

A scale = m^Lt/io. 
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A sensitive densitometer (Ansco) fitted with an illuminating aperture of 50 /i 
or less is used with a high-speed lecordjng potentiometer (l^eds and Northriip). 
A graphic computation *• ® is made of the extinction ~ log^o -^o/O) various 
wavelengths, where Iq is the incident intensity and I is the transmitted inten¬ 
sity of monochromatic light A. Due to the characteristics of the sportrograph, 
the images lecorded on the plate are 150 times that of the object in width and 
50 times in height. A densitometer aperture of 50 fx is tbereiore equivalent to 
an area of Ihe objt'ct which is approximately 0*3 fi in width and r jx in height. 
Direct photomciiu' measurements of light intensity are made with a photo¬ 
multiplier tube (K('A opeiating <\i 100 volts per dynode stage and ap¬ 

propriately staiuKudi/ed with a rotating sector and a thermopile. The colour 
ti<inslaiing luojc'ctoi was designed and described by Land ef al.^^ 

Material chosen for study with reJorence to particular problems 
in cellul.u biology and pathology includes living mammalian cells in tissue 
culture, protozoa, a variety of cells in smears and tissue sections, and isolated 
cellular products smh as chromosomes, nucleic acids, vitamins and hormones. 
Tissues arii prepared principally as thin (< 4jtt), unfixed frozen sections de- 
hydiMtcd by sublimation.^® Infiltration procedures with water-soluble materials 
such as the ]>olye11iylenc glycols remove certain cellular constituents such as 
steroids. Ultra-thin sections prepared with celloidin-paraffin and cut at 
O'l fjL arc optically, but not chemically, satisfactory. The mounting media 
consist oi glyceiiiic for fixed cells, a balanced solution of electrolytes and glucose 
with an air phase for living cells in tissue culture, and a viscous cellulose gel 
for mobile protozoa. Microscope slides are made of optically polished silica 
glass (Coming Vycor No. 791), and cover glasses of similar composition are 
polished to a thickness of 0*184 ^ o*ooi mm. 

Results 

Absorption Spcctrography of Cells.—^When the reflecting microscope is 
use<l with a spectrograph •*» the images of a coll m many wavelengths of light 
are brought to focus in tlie plane of the slit, and the light that passes through 
the slit IS disiieised and focused on the xihotographic plate. Thus, images of 
the emission lines or of the c ontinuiim of the source are formed, and upon these 
are superimposed the absoiplion patterns of the cell. Typical results together 
with phase photomicrograplis which servo for morphologic reference axe given 
in Plate fl. The portion of the coll through which the incident light passes 
in order to gain entrance to the slit is a volume bounded by two parallel planes, 
ab and cd, and by the upjKjr and the lower surfaces of the cell. In practice the 
separation of the two jilanes is 2 fi for the continuous and 6 n for the bright line 
spectra. The spectromicrograph recorded in this manner has two dimensions: 
the spectral or horizontal dimension which relates the absorption and wavelen^^ 
for any morphologic component; and the morphologic or vertical dimension 
which indicates the absorption in various moqihologic components at a particular 
wavelength. 

In collnboration with Dr. Papanicolaou this analytical method was used 
to study fixed and unfixed exfoliated cells of the vaginal and the cervical smear 
with ST>eciaI reference to cellular pathology in the human cervix uteri, A 
comparison was made bctwi^en normal squamous and parabasal cells of the 
c<‘ivieal inuco.s<i and a class of c<‘lls designated by Papanicolaou” as suspicious 
or Cla*^s III and described by him as cells with abnormal features suggestive 
of, but nol conclusive for cancer. The xiltra-violet spcclro-micrographs of 
})ottions ol these various ci'Us weic recorded, and the extinctions were calculated 
over the range from 240 to 350 m/*. In nuclear chromatin a principle broad 
absorpt ion maximum occurred over the region from 250 to 280 mfi. Repre¬ 
sentative data for the extinction maxima at 260 m/* in the nuclei of cells of the 

® Brode, Chemical Spectroscopy (John Wiley and Sons, New York, 1943), 
2nd edn., pp, iTo, 275. 

® Pierce and Nacihtiiob, Ind. Eng. Chem. [Anal.), 19^1, I 3 » 774 - 

Land et al., Science, 1949, 109, 371. 

Linderstrom-Lang, The Harvey Lectures (The Williams and Wilkens Co., 
Baltimore, 1939), p, 214. 

” Gersh, Anat. Record, 1932, 53, 309. 

” Carsten, Arch. Path., 1947, 44, 96. 

Pease and Baker, Proc. Soc. Expt. Biol, Med., 1948, d 7 » 470 * 

« Gey and Jey, Amer. J. Cancer, 1936, ay, 45, 

” Barer, Cole and Thompson, Nature, 1949, 163,198. 

” Papanicolaou, Ann. Int. Med., i949> 3 >* 
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tliree classes aje given in Fig. 3. Tins majority of llio obserViiiioiis arc made on 
formalin-saline fixed material. The average values, tlie arithmetic ine«ins of 
15 or more determinations, iirc 0-23, 0*36 and 0-5^ respwtively for squamous, 
parabasal, and Class 111 cells. There is, iii adtlition to the great<‘r magnitude, 
a broader range of values for the extinction maxima in the Class III cells as 
compared \vith the normal cells. While the fre(]uen(y ilistribution of unclear 
dimensions has a greater range and the average nucl«‘ar diameter is also larger 
in the Class Jll cells than in the normal cells, thei(‘ is in>or con elation between 
the nuclear dimensions jind the extinction maxima. Thus, the optical path 
length estimated from tin' imdear size is not alone sulficient to account ior the 
ditleroncos in the extinctions. There is an iiulease in the avoMge luidear 
chromatin den.sity of the Class 111 cells. 

Ultra-violet Microscopy of Living Cells.— Kesnlts reported elsewhere“ 
together with the data of Mayer i)rovide an t'slimate of the amount of ultra¬ 
violet radiation which i.s tolerated by living mammalian cells without injury. 
The amount, a product of intensity and time ('xpresscnl as energy per unit area 
of cell, is of the order of i X 10* crgs/cm.® at 2()o m/t and in exi'css of 1 X io« 
ergs/cm.® at 315 m/*. These data when conqmred with the energy ))cr unit area 
of photograpiiic emulsion required to produi'c a satisfactory imagt* indicate the 
necessity of recording images of uninjitrcd living cells at a minimum magni¬ 
fication with emulsions of a maximum ratio of sensitivity to resolution. An 
estimate is that approximately 18 photographs can bo recorded on Kodak 1372 at 
260 m/x with a reflecting objective of magnification 53 times and transmission 0*2 



Fig. 3,—^Extinction at 260 mji in nuclei in epithelial cells of cervical smears. 

Sq, C = Squamous, 0 Average value. 

Pb. C Parabasal. — Range of values. 

Ill Bs Papanicolaou classification. 


Under conditions which do not produce radiation injury the light adsorption 
of the nuclear m«atcrial of resting living cells is found to be qualitatively 
and quantitatively low both in the ultra-violet and the visible regions. The 
corrected extinction at irift for which repH‘s<‘illative average values are 
given in b'ig. 4 varies between 0*12 and 0*33 in the nucl(‘ar material of living 
resting (intci-phase) fibroblasts of the rat, clikJu^n, and mouse, (‘ndotlielium of 
the mouse, and sarcoma of the mouse. In the living dividing cell at motaphase 
when the reduplicated chromosomes are condensed the corrected extinction at 
260 m/i in chromosomal material is of the order of 0*77. The ullra-vi<jlet 
absorption of cytoplasmic material in the living cell resides in great pail in formed 
elements sucli as mitochondria which dimensionally are at the limit of resolution 
0*2 /2 for the objective used. The corrected extinction at 260 mfi for the cyto¬ 
plasmic ground substance of resting colls of the type under consideration is 
approximately 0*12 whereas that for formed elements is undoubtedly much 
greater but not accurately measurable. During cell division the ultra-violet 
absoiqption of extrachromosomal material increases so that the corrected ex¬ 
tinction at 260 m/Lt rises to 0*65. The supposition is that some or much of this 
absorbing material is derived from mitochondria and is dimensionally not 
resolved. 


18 Mayer, Tabulae Biohgicae, 1939, 19, 65. 

18 Brumberg and Larionow, Nature, 1946, 158, 663. 

Ris and Mirsky, /. Gen. Physiol,, 1949, 3a, 489. 

Ludford, Smiles and Welch, /, Roy, Micro* Soc,, 1948, 68^ 1. 
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The dcgcner.ition, death, or chemical fixation of a cell is accompanied by 
an increase<l opacity oC the nucleus in both the ultra-violet and the visible 
regions. In the cytoplasm under these conditions the formed elements are 
cither alieretl or dispersed and then contribute to the ultra-violet absorption 
t)f tlie cytoplasmic ground substance. There are several factors underlying 
this change in light absorption among which the most significant are an increase 
in the Joss of light by dispersion and refraction and a change in the volume 
occupied by the absorbing materials.^® 

Secondary Fluorescence Photometry.—Much consideration has been 
giv<*n in the pr(‘S(*nt study to the devidopment of a quantitative physical method 
tor det<‘cting abnormal <‘oIls. An ultimate objective is to process diagnastic 
smears in clinical oncology by an automatic scanning technic. In view of the 
significance attached to nuclear chromatin in cellular pathology a rational 
beginning is made with a method that determines the relative contents of nuclear 
chromatin in cells. Two principles exist: (a) the ultra-violet absorption of the 
cell nucleus as shown by the pioneer work of Caspersson resides principally 
in the nucleic acids of nuclear chromatin and (6) the staining properties of nuclear 
chromatin have long been known “ to be due to the affinity of nucleic acids for 
biisic dyes. TIio potential usefulness of absorption measurements in a scanning 
tcchni<iu(‘, however, is limited by the fact that in areas of the smear in which 
cells overlie each other the total absorption will be related by some positive 
exponential function to the number of absorbing elements. If recourse is made 
to a light emission method, such as secondary fluorescence photometry, a more 



Fig. 4. —Extinction at 2t)0 m/i (corrected for light dispersion) nuclear material 
of living resting cells unless otherwise indicated. 

jrii 63 Fibroblasts, KN Endothelium. SA Sarcoma, 

C — Cliick. M Mouse. R = Rat. 

favourable situation oc<uirs : the intensity of the exciting radiation—and thus 
the intensity of fluorohu'nce-decreases in successive layers of stained cells. 
The chdinitivc method d<‘ponds up<m the following essential procedures : 

(a) Staining cells under conditions which favour selective combination of 
basic iluoroc‘hr()me with nuclear chromatin, such as r X xo“* M berberine 
sulphate “ at jdl ()»3 (but not at pi I 8-0 and with other fiuorochromes 
as described clsewh<»ro *®) ; 

(f>) <iucnching the fluorescence of chromatin derived from tightly packed 
clusters of inflammatory cells, such as polymorphonuclear leukocytes and histio¬ 
cytes, by the deposition of opaque pigment in the cytoplasm of these cells at 

Caspersson, y. Hoy. Micro. Soc., 1940, 60, 8. 

Caspersson and Santesson, Acta JRadiologica, 1944# 

Papanicolaou, Diagnosis of Uterine Cancer by the Va^nal Smear (The 
Commonwealth b'und, New York, X 943 )» 1st edn., p. 28. 

** Michaelis, Cold Spring Harbor Symposia on Quantitative Biology (The 
Biological Laboratory* Cold Spring Harbor, 1947 )» p- 132. 

*®Haitinger* Fluoresens-Mikroshopie (Akademische Verlagsgesellschaft M. 
B. II., Leipzig, xg^S), ist cdn„ p, 93. 

PoUistcr and Louchtenberger* Proo. N.A.S., 1949, 33, ixi. 

I^ricclman, Amer. J. Obst. Gyn., 1950, 39, 832, 
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the site of the peroxidase reaction 2® with benzidine ; and subsidiary stops which 
await final and complete evaluation : 

(c) initial binding of the more strongly acidic groups of c<*llular constituents, 

such as polym<‘ric organic sulphuric acid, with n non-lhiorcscent, 111/4 

transparent, basic blue dye, such as 3 X 10-’M JMcthylene Blue at pll 3*2,®® 
and 

(d) binding the free amino groups of cellular prot(Mns with a non-fluoiescont, 
A365 m/t transparent, acidic blue dye, su('h as t 10 * 1\1 Isist (iicisi at pll ()’3 
in order to quench the iluoroscencc of dye bound with carboxyl gioups. 

The physical conditions for secondaiy tluoresccnce uuciopbotoineiry .ire as 
follows : 

{a) an essential control of the intensity of the imidont ultra-violet radi¬ 
ation at 3O5 nifi by varying the slit width of the, nioiioclirouiator or by using 
neutral density filters ; 

(6) the theoretically ideal condition of achiomatic optics for tlui ultra-violet 
and the visible spectrum ; 

(c) a photomultiplier tube (IICA 1P28) fitted with apertures so that when 
object dimensions ot 5-70 /t arc magnified Sz times by (lie objective the images 
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Fig. 5.—Secondary fluorescence intensity. Relative values, in nuclei of 
epithelial cells of cervical smears. 

Sq. C = Squamous. # Average value. 

Pb. C =a Parabasal. — Kangc of values. 

Ill, IV, V Papanicolaou classification. 

fall on a diffusing plate and the change in sensitivity with varying position of 
illumination on tho cathode is minimized ; 

(d) a known relation bctweim tho light flux ami the photixjleclric emission 
under varying conditions of illumination of the photoc<‘ll cathod(\ 

Data for the secondary fluoroHCcnce of opitiulial cells the vaginal and tho 
cervical smear are given in Fig. 3 in terms of tho relative intensity or brightness 
of the fluorescence. Tho physical dimensions are in terms of the maximum 
radiant flux per unit surface area of tho cell. Tho fluorescence intensity is 
maximum over an area of the cell that is concentric with tho nuclcu.s and which 
has a diameter of the order of that of tho nucleus, namely, about 10 /*. The 
average values, or the arithmetic means, of 15 to 50 determinations of the rela¬ 
tive intensity of nuclear fluorescence are 1-7 and 2-4 respectively for squamous 
and parabasad cells, and 3-0, 4*1 and 6*2 respectively for abnormal cells of 
Classes III, IV and V. According to the criteria of Papanicolaou cells of 
Cla^ III have abnormal features suggestive of, but not conclusive for, cancer, 
while cells of Class IV are fairly con<flusive and cells of Qass V are conclusive 
for cancer. As the morphological appearance of epithelial cells of the cervical 

*® Lillie, Histopathologic Technic (The BlaJdston Co., Philadelphia, 1948), 
ist ed., p. 113. 

Dempsey and Singer, Endocrinology, 1946, 38, 270. 

*1 Engstrom, /. Opt. Soc. Amsk, 1947, 37, 420. 
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smear become more signilicantly abnormal, the average values for the secondary 
fluorescence intensity of their nuclei increase. Of course the range of values 
indicates that there arc variations. Less than the average fluorescence intensity 
is Lo btJ expected and docs occur in large nuclei which although morphologically 
malignant do not have a iiroportionate increfise in volume and in cliromatin 
content or in uuciei which, l)ecause of degenerative changes, have lost chromatin, 
'rho tUiorcsccMuo intensity is a measure of the chromatin content which is but 
one of many cytological criteria of malignancy. The significance of the present 
observations will be known therefore only when the frequency distribution of 
chromatin content as determined by the binding of basic fluorochromo is studied 
in a much larger population of normal and abnormal cells. This is conveniently 
done by means of automatic scanning technique which at the present writing 
appear to be applicable to the problem. 

Fluorescence Spectrography.—^Thc reflecting microscope can be used as 
illustrated in Fig. 1 for combined fluorescence and absorption spectrography. 
It is possible by the use of chemical filters together with glass filters to 
limit the exciting radiations of the mercury arc to band widths of approximately 
15 m/t in the ultra-violet region from 245 to 365 m/i. The fluorescence spectrum 
of iluorochromcs, certain biochemical compounds and some cellular material 
can be ])hotographed in a few or several minutes. The simultaneous recording 
of the fluorescence and the absorption spectromicrograph of chemical com¬ 
pounds in<licates the general relation between the wavelengths of excitation 
and emission : for examine, a simple chromophore such as the carbonyl group 
absorbs at 280 m^ and emits in the region of 300-400 ; a complex chromo- 

phoro, such as the nitro group absorbs at 370 mfi and emits in the visible region. 


Discussion 

The ilieorotical limit aliens in the use of optical methods for the study 
of the cell arc emphasized by the number of factors **» that 
influence the absor])tion of light in cellular material: the amount, volume 
of distribution, spatial orientation, photochemical reactivity, and multi¬ 
plicity of the absorbing materials together with the non-specific loss of 
light by reflection, dispersion, and diffraction. The complexity of the 
problem at first thought insoluble is resolved into analyzable components 
by the development of the reflecting micrscope which permits work 
in the entire optical spectrum. In the infra-red region the potential¬ 
ities in terms of chtmical resolution are greater while the non-specific 
optical oiTects and the structural resolution are less; whereas in the far 
ultra-violet, the vacuum ultra-violet, and the X-ray region the structural 
resolution is greater, the possibility of chemical resolution exists, and the 
l)hotoelieiuit'al oif<*(’t may be appreciable. An analysis of Raman spectra 
])rovicle(I tlu'y can be recorded by the optical system-monochromator, 
rcflectuig microscope, and spectrograph, has the greatest theoretical 
advantage of all in regard to structural and chemical resolution. The 
(ixciting radial ions arc in the ultra-violet region and the frequency differ¬ 
ences ])rocluced in the Raman spectrum correspond to tlic frequencies of 
vibrational and rotational band spectra in the the infra-red region.® Thus 
it appears at this writing that microscopic work in the optical spectrum 
will ]>rospcr as a synthesis is made of information from its component 
regions. 

This work was done in part under a fellowship grant of the American 
Cancer Society recommended by tlxo Committee on Growth of the National 

®*Bowon, The Chemical Aspects of Light (Oxford University Press, Oxford, 
1946), 2nd edn., p. 279. 

®® Kasha, J, Opt. Soc, Amer., 1948, 38, 929. 

®* Commoner, Science, 1949. 1 10, 31. 

®® Danielli, in Cold Spring Harbor Symposia on Quantitative Biology (The 
Biological Laboratory, Cold Spring Harbor, i 949 )» P* 37 * 

*® Burch, Broc. Physic, Soc., 1947, 59, 4X. 

®’ Brumberg and Shevchenko, Compt. rend. U.R.SS., 1941, 32, 486. 

®® Blout, Bird and Grey, J. Opt. Soc. Amer., 1950# 40 * 304 - 
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THE ULTRA-VIOLET ABSORPTION SPECTRA OF 
THE AROMATIC AMINO ACIDS IN PROTEINS 
AND RELATED COMPOUNDS 


By G. H. Hisavkn, R. R. IIoi.ioay ano K. M. Joric 
deceived zjth Jvly, 1950 

Soret^ suggested in 1883 that tlic selective absorption of ultni-violet radiation 
by solutions of proteins was due to the contained atomalic ammo acids. It 
was not, however, until the work of Waid,® Smith ® and Stenstrom and Reinhardt * 
that this became generally accepted. Sulxseipu^ntly, 1 loliday ^ devised a quanti¬ 
tative metliod ol estimating tyrosine and tryptophan in proteins bastMl in the 
supposition that the absorption spectrum ot proteins in the region A 2700 to 
3000 A could be analyzed as a two-componeiit luixt uro of tyrosine and tryptophan. 
His results wore in fair agreement with those of chmnicnl analysis, Morton and 
Goodwin® criticized tliis metho<l from the point of view that extraneous absorp¬ 
tion interfered with the estimation, and couUl not be satisfactorily allowed for. 
Parallel with this work and quite independently, evidence was accumulating 
that the spectra of these two amino acids were slightly altered by combination 
in a i)rotein. Lavin and Northrop ’ atul Coulter, Stone and Kabat ® showed that 
tyrosine and tryptophan exliibit tine .structure in tludr absorj^tioii spectra and 
that tho corresponding bands in proteins all shifted to longer wavelengths 
by 10 to 30 A. Bearing also on this was the obst*rvation ol Crammer and 
Neuborger,® who noted the anomalous j)K of tyiosine in insulin and egg albumin. 
Those observations wer(‘ of interest Irom two points of view, h'lnstly, they 
invalidatcil one of the assumptions on winch the (luantitalive analytical method 
of Holiday was based, namely lluit the absorption of tyrosine and tryplopluia 
is not altcrc<i by combination in protein, luirtUer woik has, however, shown 
that if tho wavelengths at which the uRsorptiou nu^asiiri^meiits on pioteins and 
the aromatic amino ackls are suitably chosen, tlu‘n the small shift of the spectrum 
of the protein to longer wavcliMigths than Ihosc^ of the free amino acids does not 
vitiate tho results of the sinalysis. U will bo shown later that better stiindarU 
curves may bo found than those of .simple solutions of tyrosine and tryptophan. 
The second point of interest in these observations cm the lino structure of the 
spectra of proteins is their bearing on })rotcin structure. Some observations 
referring to this second point arc given in this paper. 

The Non-aromatic Absorption of I^rotbins. —Kxcept for cystine, non¬ 
aromatic amino acids are almost completely transparent to wavelengths longer 

^ Sorot, Arch, Sci, PJiysig, Nat,, 1883, lO, 429. 

* Ward, Biochem, J., 1923, 17, 898. 

* Smith, Proc, Boy, Soc. B, 1929, 104, 198. 

* StenstrOm and Keinharclt, J, Biol, Chem,, 1925, 66, 919. 

® Holiday, Biochem, 1936, 30,1795. 

® Goodwin and Morion, ibid,, 1946, 40, 628. 

’ Lavin and Northrop, /. Amer, Chem, Soc„ 1935, 57, 874. 

® Coulter, Stone and Kabat, /• Can, Physiol., 1936, I9» 739. 

* Crammer and Neuberger, Biochem, J,, 1943, 37, 302. 
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tlian ^ 2,500 A and would thcrclore not be expected to interfere with the ab¬ 
sorption of the aromatic amino acids in this region. Moreover, there is no 
a priori evidence that the peptide linkage will have any effect in this respect. 
As will be shown, the peptide linkage lias a negligible effect on the intevisity of 
absori>lion ot its contained amino acids. Nevertheless it has been maintained 
by some woikers that the polypeptide fabric ” has appreciable absorption 
in this legion. M'c cite Ihc lollowing evidence against tliis : 

(1) Xh'oteins and i>oly])(‘iitKles containing no tyrosine or tryptophan show 
n(‘gIigil>lo ahsorplion in the region A 2O50 to 3100 A. 

(2) Ihotcins <'ontaining <Mthcr tyrosine or' tr3rptophan but not both (insulin 
tyrosin j2*o %) or gramicidin (35 % tryptophan) show spectra closely similar 
to tJiose of simple solutions of the corresponding amino acids. 

(3) The results of sjiet tral analysis would not agree so well with those of chemical 

analysis if tli<‘rc were much extraneous absorjition. 



I. Lysozyme, 0-05 %. 2. Gelatin, o-i %. 3. Clupcin, o*i %. 

These facts aie ilhistraled in h'ig. i to 3 and Table I. It is therefore concluded 
that at wavt*leiigths longer than A z(>5o A the absorption is due to tyrosine and 
tiyploiihan. It is, of course, always possible that in any particular protein or 
protein sample absorjition may occur in this region due to a non-ammo acid 
residue, whether present as an integral part of the molecule (e.g. haemoglobin, 
flavoprot<‘in, etc.) or as an imjiurily. Light scattering contributes also in varying 
degu‘0 to tlie net absorption. Such cases require special discussion and lie out¬ 
side the scope of the present inquiry. 


In 1935 Coulter, Stone and Kabat ® published the results ol an in¬ 
vestigation of the fme-struoturc characteristics of the spectra of several 
proteins and of the aromatic amino acids. They noted close correspond¬ 
ence between the spectral fine structure of the amino acids and those of 
protein spectra, but found that with proteins the bands were shifted to 
long(T wavol<‘ngths by 10-35 A, These observations have been fully 
confirmed by subsequent workers. Over a period of years we have, in 
our laboratory, investigated all new proteins coming into our hands by 
the moving plate method which was devised specifically for the detection 
Holiday, /. Sci, Inst., 1937, * 4 i 166. 
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while in adult it is at A 29x0 A (unresolved inflection), as shown in Fig. 4. 
Since then we have studied the change of spectral absorption of human 
haemoglobin from tlie third month of ftx‘lal life until 6 months after birth 
(Tabic II). Althoiudi tlie change is very small and, so far as wc have 



Fig. 3. 

I. Gramicidin in ethanol. z. Tryptophan in ethanol. 

been able to defect, only involves the position of the tryptophan notch, 
it is quite regular. The positions and relative intensities of all other 
feature's of the foc'tal and adult types of spectra are indistinguishable 


TABLE II. —Loc.vcion ok Tins TRVPropiiAN *' Notch in Foetal and Adult 
Human Haemoglobin at pH 7-0 


Dobcriptioii 

Pusil ion (A) 

Descriptioa 

Po&ition (A) 

i'ool ns. 

J 6 \VC<*J 4 S 

2«i)8 

New bora 

2898 

99 

$t • 

2«y8 

I, » . • 

2900 

** 

99 ■ 

2898 

Jiaby 2 months 

2904 

tt 

f» • 

2897 

Baby 4 months 

2908 

t* 

i» • 

2898 

Adult 

2909 

t* 

26 weeks 

2898 

,, ... 

2910 

»t 

8 months . 

2897 

,, ... 

2909 

f f 

9 months . 

2897 

,, ... 

2910 

f I 

n • 

2897 

,, ... 

2910 

** 

!* ■ 

2899 

f, « , • 

2909 

New bon: 


2900 

,, ... 

2908 


. 

2899 




(Fig. 4). Jope and O'Brien 1* have discussed other differences between the 
two types of haemoglobin. These include crystallographic and solubility 
charactoriwstics* while Porter and Sanger have shown that the adult 

Jope and O’Brien in Haemoglobin (Buttorworth, London, 1949). 

“ l^orter and Sanger, Biochem, 194®# 4®f 287. 
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type contains 5 terminal valyl residues per molecule, wliercas the foetal 
type contains 2-6. Recently Dr. H. llocli has shown that the electro¬ 
phoretic mobility of the adult type is slightly greater than that of the 
foetal type. 

All recent work has confirmed the original observations of tlic shift 
in the line structure of the spectra of x^rotoins. Further evidence of the 
R'iUity of the effect is obtained from the change of spectrum which occurs 
on (Uizyinic tlegradation of a protein. Although little reference to the 
fact is to be found in the literature, the effect is well seen in absorption 
curves of serum globulin (horse) Ix'fore and after tryptic digestion.” Some 
time ago we made some preliminary experiments to find at what stage of 



250m/J Z 70 

— I —Li- \ _I—..,a,-.—i-,-, 

3-0 2-5 

Fro. 4. 

I, Foetal haemoglobin, 2, Adult haemoglobin. 

protein degradation by enzymes tlie anomalous s^x'drum of x>rot<‘ins re¬ 
verted to normal. It was first confinncd that peptic dig<‘stion of serum 
albumin and globulin caused a complete reversion of the spectrum to tlie 
normal position (Fig. 5). Then it was shown that with very short digestion 
jieriods at high dilutions of enzyme the spectral reversion took place at a 
very early stage of digestion. In a particular case in which serum albumin 
was subjected to digestion with pepsin the extent of breakdown was 
estimated in a parallel ultracentrifugal run. It was found that the spectra 
reversion was complete at a stage at which the mean sedimentation con¬ 
stant had dropped from 4*1 x 10 ” for the native albumin to 1-95 x 10 
Although the material at this stage was obviously polydis];>crse, it can 

Hoch, H. (private communication). 

” Haurowitz and Astrup, Nature, 1939, 143, 118. 
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be concluded fn)m the low(‘ring of S by 50 % that the mean level of protein 
breakdown wu.s to a stage of approximately half-molecules. Attempts to 
bring about this r(*version by means other than (‘nzymic digestion failed. 
Denaiiiration by saturated urea, boiling, strong alkali or acid, brought about 
no signiJlcnnt change. On tJie other hand it caai be surmiz(‘d from the 
(lata of Jope, Joi)e and O'Brien 1® that globin of human red cell haemoglobin 
shows oji d('nat uration a partial rcvoi*sion from the anomalous absorption 
of the native ])n>tein. 



Fig. 5. 

II</rse serum globulin. 

I. Bcfoic digestion with pepsin. 2, After digestion with pepsin. 

Polymyxin B.- This poly]')cptide contains only leucine, phenylalamine, 
threonine and ay-diamino butyric acids, combined with ca, 10 % of a fatty 
acid.A’ Abs(jrpti<m spectra and moving-plate spectrograms of polymyxin B 
in t]u‘ ])ir ningo 2 to 8 show a highly developed phenylalanine fine 
slniclure. (knnparisons betwcsui phenylalanine and polymyxin B show 
that in this [>oIyjx*ptide from which the other two aromatic amino acids 
ar<' absent, (Ii<* iiiu* structur<‘ is located at exactly the .same wavelengths 
(with a prt‘<;isu)ti of *1 r A) as in phcnylalininc itself. The absorption of 
the ph(‘nylalanine rtjsithi<* thus a]>i>ears to be completely unaffected by 
pcptick? combination, h'rom 1h(' extinction cocflicients at the maxima 
and tlie correspotiding figures for the p?ircnt amino acid, pol5nnyxin B 
has an ap]>arcnt phenylalanine content of ca, 14 % by weight, which may 
be compared with an estimate by other mt'thods of ca, 10 %. 

The appreciable absorption above A 2700 A, the degree of resolution of 
the fme structure maxima and the steeply-rising shortwave absorption all 
indicate that the samples of pol3anyxin B used exhibit irrelevant absorption 
(which appears to be increased at low pH) so that a more precise analysis 
requires some form of basci-line correction. Using such a base line extra¬ 
polated from the curve above A 2700 A gives a corrected figure of 8*9 % 
by weight. 

Jope, Jopo and O'Brien, Nature, 1949* 164, 622. 

Jones, Ann, N,Y, Acad, Sci., 1949, 51, 909. 
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Gramicidin.—This crystalline antibiotic of molecular weight 3000 

contains only one aromatic amino acid, viz. tryptophan, and its absorption 
spectrum in ethanol (Fig. 3) is very similar to that of tryptoi')hcin m the 
same .solvent, except that the entire curve is shifted 10-15 A to longer 
wavelengths. In analyzing gramicidin s'jx'ctrojihotomctrically for trypto¬ 
phan, Edwwds^® took account of this shift by using acetyl tiyi^tophan as 
reference compound, rather tlian IryplopJian its(*lf; the molar extinction 
coefficients of the ac(‘lyl diTivativi' at th(‘ \arious maxima are significantly 
lower than the cont's-|)onding valiu‘s for tlu' parent amino acid. For 
38 samples of gramicidin Jtdwards 1® found a mean try[)to])han content 

3Q‘3 % (range 38-^1%; standard deviation tm2) compared with 
39-6 % by chemical methods. The excellent agreement obtained indicates 
the precision obtainable by spoctrophotometne methods in a favourable 
case, and emphasizes the necessity for obtaining accurate wavelength 
and extinction cocflicicnt data for the aromatic amino acids in peptide 
combination. 

TyrocidJn.—^'fhis related antiobiotic is of greater complexity and 
contains all three aromatic amino adds but no cystiuc. Its absorption 
spectrum in neutral and acid methanol clearly shows the tryptophan 
fuic structure band at 2900 A and the main maximum at 2810 A. In 
alkali the -whole curve shifts to longer wavelengths to give a t3r]>ical 
“ alkaline tyrosine ** spectrum. Negl<‘cting the small contribution made 
by plienylalaninc to the total absorption, the alkaline curve can b<.‘ ac¬ 
counted for by 2 moles each of tryptophan and tyrosine per mole of 
tyroddin (mol. wt. 2546 (calc.) for a Nje molecule), in good agreement 
■with the chemical figures (Table I). The phenylalanine line structure is 
clearly visible in moving-plate spectrograms, although the contribution 
of this constituent (3 moles/mole of tyrocidin) is only about 6 % of the 
total absorption at the most favourable wavelength. 

a-Keratin from Wool.—sample of a-kcratin, prepared by treating 
native wool fibre with dilute aqueous peracetic acid,®® has been examined. 
This reagent destroys aU the tryptojffiaii and oxidizes all the cystine of 
the wool to cystcic acid. The product is soluble in dilute alkalis and in 
hydrogen bond-breaking solvents, such as urea and litliium bromide 
solutions and formic acid from which it may be recovered as a pale yellow 
powder. It gives the typical X-ray diffraction pattern of a-kcratin. The 
absorption spectrum of this material at pH 8 shows a poorly-defined band 
in the 2800-2900 A region, which changes to a well-resolved “ alkaline 
tyrosine " band in alkali; the position of the maximum at pTT 13 (max. 
29T5 A) suggests that ionization of the tyrosine phenolic hydroxyl groups 
is barely complete at this pH, although the pK of the sanuj group in t^osine 
itself is ca, 10. Further cvid<uicc that the tyrosim' resi(lu(‘s of the material 
arc involved iii some form of structure that is irreversibly broken down at 
pit 12 to 13 is provided by the fact that the spectrum at plf 8 after ex¬ 
posure to alkali at pH 12 to 13 is not identical with Hint of the original 
solution at pH 8, but shows a band of increased intensity and resolution, 
with some poorly-resolved fine structures on the shortwave side of the 
maximum. Tliis is more easily scon in a moving-plate spectrogram, and 
can be identified as due to phenylalanine, shifted about 10 A to longer 
wavelengths. The characteristic tryptophan maximum at about 2900 A 
is completely absent. The absorption curve at pH 12 to 13 indicates 
that there is considerable absorption not due to aromatic amino acids, 
but after apj>lying an approximate base-line correction for this, the cal¬ 
culated tyrosine content (5*5 % by weight) is in fair agreement with the 
chemical figure (4*8 % by weight). This material provides an example 
of -the Neuberger-Crammer • effect in a modified protein, which cannot 


Hotchkiss in Advances in Enzymology (Intorscience, New York), 1946), 4, 
1® Edwards, Afch, JBiochem,, 1949, 2I, 103, 

*® Alexander and Earland, Nature, 1950, 166, 396. 
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be regarded as nali\o, but which still retains a high dc^greo ot structure, 
evidently involving the tyrosine hydroxyl groups. 

Lysozyme.—^A recent rcvi<‘w by Fromageot discusses the absorjitioii 
spectrum of this enzjrme, which has a molecular weight of ca, i.^,ooo. It 
contauis all t]m‘e aromatic amino acids, together with cysteine. Fromageot 
and Schnek found that in acid solution its absorption was in good agroi'- 
ment with the additive absorption of 3 moles of tyrosuie, 5 moles of trypto¬ 
phan and 5 of cystine, apart from a longwave shift of ca, 20 A in lyso/^ne 
and additional absorjition at wfivolongths below 2500 A. In alkali the 
agreem<‘nt was also good though the wavelength anomalies were con¬ 
sistently in the opposite direction. The variation of the spectrum with 
pH indicated that the pK of the tyrosine hydroxyl group ionization was 
different from the value for free tyrosme. The apparent pK varied linearly 
with pH from iO‘i at pH 9*5 to 12 at pH 13, behaviour analogous to that 
of insulin and egg albumen.® With lysozyme, however, the effect of 
alkali at pH 12 on spectrum was completely reversible, as subsequent 
acidification gave a curve identical with that of the original sample in 
acid. The curve which wo have obtained for lysozyme (Fig. i) shows in 
acid a very wcll-dejfined tr^’ptophan spectrum with the notch clearly 
resolved and located at 2911 A, a long wavelength displacement of 31 A. 
The phenylalanine fine structure is just visible on the shortwave side of 
the band in a mo^^ng plate .spectrogram. The additive tyrosine and 
•tr3q>to])han and cystine curves of Fromageot and Sclinck arc in good 
agreement with chemical figures, though direct application of the two- 
component metliod based on fhe absorption at 2800 A and 3050 A shows 
poorer agreement. As noted above, lysozyme is outstanding for its very 
low absorption at wavelengths longer than 3200 A, i.c. outside the ab¬ 
sorption bands of the aromatic amino acids proper. 

The Spectra of Simple Peptides and Polypeptides.—^Having established 
to our own satisfaction that the spectral shift is a real one, we have made 
preliminary studies of certain factors which might be responsible for the 
effect. The effect of simple peptide linkage on the absorption of the aro¬ 
matic amino acids is the first question that arises. The three aromatic 
amino acids are jS derivatives of alanine and in each case the aromatic 
chromophoro is separated from the peptide carbon by two single bonds. 
It is generally stated that two single bonds insulate a chromophore from 
elcctromeric changes. This is not strictly true. Braude has discussed 
the effect and shown quite clearly that the chromophore is not insulated 
although the olfoct is a minor one. A good example of electromeric 
effects being tran^sinittcd over two single bonds is to be found with phenyl¬ 
alanine when' there is a quite significant change m spectrum as between 
acid and alkali (Table III). The change 


y " V yNllJ y—' ' " s. yTi 

- 0“nS<c 


has aiff*ct<'d the lx‘nzeiie cliromophorc, although it is insulated by two 
intcTvening single bonds from the a carbon atom. This fact makes it 
appear likc'ly that peptide combination will have some effect on the ab- 
sori>tion spectrum of the aromatic amino acids. In fact, with the advance 
in recent years of the precision of spectrophotometry, evidence has ac¬ 
cumulated that this is so. We have ourselves made absorption measure¬ 
ments on several peptides of aromatic amino acids acid and compared 
their spectra with those of the simple amino acids. Since all the aromatic 
amino acids show fine structure readily detectable by the moving-plate 
method, we have assembled the data from our measurements in the form 
of charts (Fig. 6 and 7), showing the positions of the fine structure bands 
of the compounds investigated. Unfortunately, we have so far had no 


^ Braude, Chem, Soc., 1949* 1902. 
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phenylalanine pcplicl(‘^ luailahh' TIi<* present lesulls show that peptide 
combination has n defiiutt' small eflect on th<‘ absorption s]K‘ctnmi of the 
aromatic amino acids, which cemsists in every case of a shill to lont* wave¬ 
length of alx^nl 5 to 15 A. 

The Eltcct of Ghungc of State on the Absorption Spectra of the 
Arotnafic Amino Acids.- -Insjieolion of lug. (> and 7 show Unit although 
]>eptid(‘ linkage has a displacing <‘ft<‘oi on IIk* spcr.ii.i of tli(* aromatic amino 



Fig. 6 .—*Fine structure band positions of tyrosine aud some tyrosyl peptides. 

acids, it is not sufficient to account for the displacinnent found in the s])ectra 
of proteins. Some ob.sorvations we have made indicate that non-valoncy 
forces may also bring about spectral shifts, which, added to those duo to 
peptide combination, may be sufficient to account for tlio di.s]>lacements 
found in protein spectra. In those experiments the positions of linc‘ struc¬ 
ture bands were determined on thin films and on solutions of the aromatic 



Fig. 7.—Fine structure band positions ol tryidophau and some pepiidcs. 


amino acids in gum arabic, dextrin and gelatin in the liquid and solid 
state. Some low temperature measurements were also made on the films. 

Gelatin itself is of particular interest. Since it contains no tryptophan 
and very little tyrosine it is reasonably transparent in the range A 2500 to 
2700 A in which phonylalanin-* absorbs. 

Since the content of phenylalanine is high its fine structure bands 
show up very clearly. It is quite evident from inspection of Table III 
that there is a displacement of these bands to longer wavelength when 
passing from liquid to solid state. Again phenylalanine in a gum arabic 
gel shows band displacement compared with the same solution in liquid 
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form. Tryptophan shows the same type of spoollal clisplaainent in gela¬ 
tine and gum solutions. It was also possible to prepare a Ihui film of 
tr3rptoi)han rapid evaporation of a solution on a quartz plate. This 
also showed a displaced si)ectrum. 

The low tetnperatun‘ sjiectra were disapjxjinting in that they showed 
litlle increas<‘ in the Resolution of the fine structure liands. There is some 
evidence thal cooling produced a displaiicment to shorter waveltmgths in 
two casi's (try])toi)luui in gum and phenylalanine in gelatin) but the results 
iirv not oh'ar-cut and no deductions arc made from these observations. 


TA 13 LE III.— Position of Fine Siextcture Bands of Tryptophan and 
Phenylalanine under Varying Conditions 


Compound 

Conditions 

Band Positions (A) 

Phenylalanine 

Acid solution* 

2353 

2415 

2465 

2516 

^575 

26 o 3 t 2634 

2671 


Aik. solution* 

— 

2415 

2468 

2522 

2580 

2610 

2640 

2676 

lUionylaUninc 

In gelatin, liquid 










solution 

— 

— 

— 

2515 

2577 

— 

2635 

2672 

Phenylalanine 

Same solution 










alter gelling 

— 

--- 

2473 

2528 

2588 

— 

2650 

2690 

Phenylalanine 

In Ihm film gcla- 










tine at — i8o®C 










(approx.) 

— 

— 

2472 

2522 

2582 

2614 

2643 

2682 

Gelatin 

Diy sheet 




— 

2586 

2618 

2645 

2680 

Tryptophan 

Solution in watoif 

. . 

. . 




2710 

2790 

2880 

it 

In lilm of gum 










ax able 

- - 

— 



— 

2727 

2811 

2901 


In film at — iqoX 

— 


— 

— 

— 


2808 

2892 

t* 

In dextiin film 

— 

— 

— 

— 

— 

2710 

2818 

2910 


In gelatin film 

— 

— 

— 

— 

— 

2737 

2822 

2911 


Dried down on 










quartz plate 


— 

—— 

0 

— 

2717 

2813 

2906 


* Compare McLaren in Advances in Ensymology, (Interscience, New York, 1949), 
t Ver> faint. 


Effect on the Spectrum of Indoles of Substitution in the Indole Ring.— 
h'ollowing up tlic work of Gr6h and co-workers on the effect of formalde¬ 
hyde on the absoqition sj)octra of piotelns, wo made an isolate d observation 
many y<'ars ago that fonnakleJiydc displaces the spectrum of skatole 
20 to 30 A to lojigiT wav<*l(mths, Praenkel-Conrat, Brandon and Olcott •• 
showed that th<' compound formed in this reaction was i\f-mctlxylol- 
skatol<\ Edwards R*cord<‘d the spoctnim of this compound and other 
substituted indoles. Th<* nanarkable fact about these results is the small 
effect on the spinetral abs<n’}Jlion of substitution in either the i [N] or 
2 positions wh<‘n the 3 ^losition is already substituted as in skatole. Pre¬ 
sumably the same would bo found in 1- and 2-substituted tryptophans. 
The sp(‘ctrum of 2 : 3-dimethylindole is almost identical with that of skatole 
except for a slightly higher specific extinction coefficient. Again mothylol- 
skatolc resembles closely mcthylol 2:3-diinethylindole except for a 
higher specific extinction coefficient. In each the mcthylol substitution 
has the effect of shifting the position of the long wave fine structure band 
of skatole 20 to 30 A towards longer wavelengths, A i-substituted 
tryptophan, if it existed in a protein, would account for the observed 
spectral shift of the tryptophan bands. Wc can find no evidence in the 

** Gr6h and Ilandk, Z. physiol, Chem., 1930, 190,169. 

Fracnkol-Conrat Brandon and Olcott, J. Biol, Chem,, 1947, 16S, 99* 
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literature of the existence of such a compouurl as a product of protein 
decomposition. We liave found only one example of a naliirallv oet urrinf( 
T(iV)-substitut('d indole, Indigo Gnvn of Benedicenli.®*» On the other 
Jiand, it is accepted that humin formed during acid hydrolysis of tr5r]>to- 
phan-containing proteins arises from the aohon of an aUI<‘hyde on th(‘ 
hulole nucleus of the lrypto})han, it Ixdng assumed that the aldehvde is 
formed during the hydrolysis. It is a striking obsm-vation of lV<ienkel- 
Onirat that gramicidin giv(‘s no humin on acid hydrolyds, wlnsvas 
formaldehyde-treat (id gramicidin yields humin co])iously. 

Our obsiTvations bring no new e\idence to bear on I his point but do 
raise the question of the possible occurrence of i(Ar)-suI)st it iiled trypto]>haii 
in native proteins. It seems to us, however, that in foidal and adult 
human haemoglobins we have a case uniquely suited to 1h(‘ invi‘stigation 
of such a i>ossible combination of tryptophan in a native ])ri)t<‘in. 

Experimental 

Two spoctrographic methods were employed : (r) The moving plate method 

modified to give a greater density range, by which the wavelength position of 
fine structure bands and inflections can bo estimated to d t A m lavouiable 
conditions. 

(2) An automatic recotding uHni-violet s]>ectrophotonicter designed and 
built as a joint enterprise by one of us with Mr. G. G. Sutton of the 

Telecommunications Kcsisirdi Jislablishment at Malvern. It is hoped to pub¬ 
lish in the near future a complete desenpi ion of the instrument. 


Discussion 

It seems now established beyond doubt that minor modifications of 
the spectra of the aromatic amino acids arc brought about through linkage 
into peptide chains and that incorporation into a native protein is re¬ 
sponsible for a further change. These changes arc recognizable as small 
shifts to longer wavelengths of 10 to 30 A, and are most easily detectable 
by a methoci which shows up the fiite structure of the main absorption 
band. 

Combination in peptide linkage is sufficient to explain only a small 
part of this anomalous behaviour and, therefore, an cfEcct due to com¬ 
bination in the native form of a protein must be sought. In attempting 
to explain anomalies of behaviour of six'cific groups in proteins recourse 
is had to the following: (i) the influence of hydrogim bonding, (ii) blocking 
of an active group by combination with anoth<‘r compound, (iii) Ihe in¬ 
fluence of the intra-nioh'cular i>oJarizal)ilily of the protein molociik' on the 
activity of the grouj) concerned, (iv) the masking of many of tJic groups 
in question owing to their being inaccessible to reagent. 

Tyrosine has been the subject of most inv(‘sligation from this point of 
view. The anomalous pK of tyrosines in prot(‘ins lias b(‘eu investigated 
by Crammer and Neuliergor,* who favoured H-bonding of the phenolic 
hydroxyl as an explanation. Philpot and Small*® showed that only 
50 % of the tyrosine in pepsin was available for the reaction with nitrons 
acici. These findings do not, however, give a lead to an explanation of 
the effects discussed in this paper. Our experiments on the effect on the 
spectra produced by change of state adds a fifth possible mechanism for 
the anomalous behaviour of active groups in proteins. The fact that the 
spectrum of tryptophan is shifted when the gelatin solution in which it is 

*^ Benedicenti, Z.physioL Chem,, 1907, 53, 181. 

*® Rastelli, Arch, int, Pharmaco^ncmie, 1931,40, 482. 

•• Fromageot, Bull, Soc, Chem, Biol., 1948, 30 (Suppl.), 63. 

*’ Fromageot and Schnek (unpublished results quoted in (26)). 

Anslow, Apph P^s„ 1945, i6» 41, 

*• Ptulpot and Small, BioeJum, 1938, 33, 542. 
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dissolved solidifies, suggests that mere restriction of vibration by a semi¬ 
rigid framework is sufficient to produce these second-order effects on the 
spectrum. It may possibly be that the causes of anomaly are different 
in different proteins, for although denaturation had no effect on the spectra 
of horse serum albumin and globulin, it appears from the work of Jope, 
Jope and O'Brien that globin on denaturation shows a shift of the 
trypto3)han notch of about 16 A to shorter wavelengths. The effect, 
therefore, is obscure and no explanation is forthcoming at the moment. 
It is an elfect which should not 1x5 forgotten in the interpretation of spectra 
of large moh'cules. There is good evidence that a similar effect is ob¬ 
servable in a large molecule such as ribo-nucleic acid, which has been shown 
by Kunitz to give a spectral shift to shorter wavelengths when acted on 
by depolymerase. Any attempt to analyze the spectrum of a large mole¬ 
cule in terms of the spectra of its components must be made with the cer¬ 
tainty that no anomalous effects are present such as are described in this 
paper. It appears that the best chance of ensuring this is to break down 
the molecule, for instance, with an enzyme, preferably specific, to a point 
where it can be shown that the anomaly is abolished. Furthermore, 
with a protein, it will be preferable to take as reference compounds pep¬ 
tides of the aromatic amino acids rather than the simple acids. This has 
been done by Edwards,^* who used A/’-acetyl-tryptophan as reference 
compound for estimating tryptophan spectrophotometrically in gramicidin. 
A tripeptide with the aromatic amino acid in the middle would be the 
best model. Such compounds are, however, difficult to obtain, and it is 
still more difficult to make them pure enough for reference. It would, 
however, be valuable to have even a small pure sample of each for absorp¬ 
tion measurement for it might be found that they differed so slightly from 
the dipeptidc (or Af-acctyl derivatives) that these latter could be used 
satisfactorily. 

We are indebted to Doctors E. P. Abraham, P. Alexander, A. C. 
Chibnall, T. S. G. Jones, R, A. Keckwick, A. B. Roy, R. L, M. Synge for 
gifts of samples of proteins and polypeptides, also to Mr. J, St. L, Philpot 
for the ultracentrifugal measurements quoted in this paper. 

Medical Research Council, 

Spectrographic Unit, 

London Hospital, E. 

Kunitz, y. BioL Chem,, 1946, 164, 563. 


ULTRA-VIOLET MICROSPEGTROGRAPHIG STUDIES 
OF NUGLEOPROTEINS AND CRYSTALS 
OF BIOLOGICAL INTEREST 


By W. E. Seeds and M, H. F. Wilkins 
Received oZih July, 1950 

A method of obtaining ultra-violet absorption curves and dichroic ratios of 
microscrystals and films using an achromatic reflecting microscope is desOTbed. 
Results for tobacco mosaic virus, nucleic acid, calf thymus nudeoprotein and 
tyrosine are given. 


The purpose of this work, which is in a pre liminar y stage, is to obt^ 
ultra-violet absorption data which may be combined with X-ray diffraction 


O 
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and infra-red absorption studies on the same inaterial. In this way new 
information about the molecular arcliitocture of large biological molecules 
may be obtained. Most of the work is on a truly micro scale but, whenever 
possible, the standard macro-methods are used, eitlier by themselves or 
as a chock. 


Experimental 

Methods and Apparatus.- The nuciosperirograi>lnc method used is 
c.sseutially the sj)eclroheliograi)lue tyjK' ol nudhod lii.st used by Jope/ in which all 
the radiation consisting ot a line sp<‘ctruin iioni the ultra-viohd souiec is passed 
through the specimen and analyzed hy a spectiograph. b'or thi.s purpose a 
large di.spersion, low ajieriure, ana.stiginatic spectrograph was computed by 
Weinstein ,2 though it has been lound that in practice a much smaller dispersion 
instrument would be more eitectivc as the majority of tlie lines of the mercury 
spectrum are not sharp. More tliau half of the twelve lines between 2360 A 
and 3000 A are diitusc or multiple, while there is often a fair amount of continuum 
superimposed on the spectrum from 2530 A upwards. In this method an actual 
image of the specimen at various wavelengths is oblainc<l, and, if the lines are 
not sharp or have continuum superimposed, the imago is confused owing to tlie 
superposition of images due to different wavelengths. With certain types of 
object, e.g. Hat plate.s of uniform thickness, this effect will cause no error, but 
witli many biological objects this is not the case and care must be taken in 
inteqireting the results. For the most part it has been possible to choose objects 
which conform to tlie above requirement in the form of crystals, oriented films, 
etc. 

The achromatic microscope used is a reflecting miscroscopc of the spherical 
mirror type,®* ^ fitted with a rotating focusing stage. The object is illuminated 
by a 0*20 N.A. (numerical aperture) reflecting condenser using a KOhler tjrpe 
illumination with mirrors, and the object is viewed with a 0*55 N.A., 35 % central 
obstruction, reflecting objective and a standard X10 eyepiece. Many objects 
have to be mounted with a fused quartz coverslip which introduces chromatic 
aberration into the system. This is corrected by a thin fused quartz convex 
lens placed above the objective. This lens is computed * for a given coverslip 
thiclmoss and magnification. It is very important that this achromatizing lens 
is incorporated wherever coverslips are used, as the chromatic dcfocusing will 
give rise to very pronounced phase contrast effects ® which may give large errors 
in absorption data, especially if the objects are small (e.g. 3 ix). Directly above 

the objective is a movable 45® front aluminized mirror (or 90® fuse<l quartz 
prism) which deflects the image from the eyepiece on to the slit of tlie spectro¬ 
graph. A low power refracting objective approximately parfocal with the re¬ 
flecting objective is used for searching, both objectives being fitted to a standard 
I-oitz type scmi-kinemalic centring interchanger. Most of the materials studied 
are dichroic and polarizers are fitted in the raiscroscopo for orienting the specimen 
with respect to the the electric vector of the light used, as an aid to viewing and 
positioning the object, and for measuring the birefringence. The i>(>Iarizcr must 
be ultra-violet transparent for measurement of dichroic ratios ; while the analyzer, 
which is used only in tlie visible, is a sheet of polaroUl fitted in the viewing eyepiece. 
The polarizer, a calcite-quartz double image prism ('omputed by K. Norris 
such that the ordinary ray is not deviated at 2650 A, is inserted Ixdow the con¬ 
denser. The deviation of the extraordinary ray is sufficiently great for it to 
be cut off by the condenser stop. It must be stressed tliat the calcite lialf of 
the prism (whicli is effectively the polarizer) must always bo placed towards the 
object to be studied, as the crystalline quartz prism will rotate the plane of 
polarization of the light by an amount which varies with the wavelengUi. (The 
rotatory power of crystalline quartz at 2500 A is as large as 143® mm.-^, while at 
3180 A it is only 84® mm.-^,) The calcite prism (/^ 20® angle) is cut with the 
optic axis parallel to the edge of the prism. Calcite absorbs appreciably in the 
far ultra-violet, a i cm. slab absorbing 50 % of the radiation at 2500 A and 95 % 
at 2300 A, Using a thin prism the &ect is only noticeable below 2480 A. The 
microscope is fitt^ with a rotary mica compensator, and slots are also provided 

^ Jope, Haemoglobin (Butterworths, London, 1949), p. 213. 

“Weinstein (private communication). 

* Seeds and Wilkins, Nature, 1949, 164, 228. 

* Norris, Seeds and Wilkins, in preparation. 

® Wilkins, this Discussion. 
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to lake either a (^uai-lz wedge or a Berek compensator. The miscrobcope and the 
illuminating system are all mounted on an optical bench which is a rigid extension 
of the base of the speclrograph. By means of a movable 45° mirror the mercury 
line source can be replactnl by a Thermal Syndicate hydrogen burner. 

The spectiogiaph conUuns a 00° Cornu quartz prism and the aperture of the 
colliiUiiting lens is approximately fjzo. Directl}" in front of the slit is a stcjipcd 
rotating stHstor used to calibrate the photographic material. With some bio¬ 
logical objtH'ts, and when studying high dichroic ratios, it is desirable that the 
range of the calilirating sector should go up to a density 2. Close to the slit is 
jilaced a fused quaitz convex lens which imag(‘s the convex mirror of the niicro- 
scopo objectiv(^ on to the collimating lens of the spectrograph. A small viewing 
telescope with a Polaroid analyzer is fitted belund the slit to hclpcxact positioning 
of the image of the object on the slit of the spectrograph. This device is essential 
for accurate rapid working of the instrument. I'he camera of the spectrograph 
is designed so that the plate holder may be rotated about A 2450 A, the line of 
zero astigmatism. Tlie plate holder is fitted in chrome hardened ball slides to 
permit an easy smooth motion of the plate for use with the Holiday cam tech¬ 
nique.® This method of detection is just on the limit of its usefulness wdth a 
microspectrographic apparatus, unless faster photographic material becomes 
available. It is hoped in the next few months to attach an electron multiplier 
detector, as described by Price,’ in the focal plane of the spectrograph for use 
with a stabilized hydrogen lamp. Fig. i shows the general arrangement of tli^ 
microspectrographic apparatus. 


i/// mtut/ig 
telescope R 




Speetto- 

Phfoqraphic graph Rotatmq 
pfote focusmp STapi 

Condenser^ 


Mece 

Analyser 

FusetT^ Compensator 

AchromaikmglMS 
Reflecting 
objective 



Po/anser 


Fig. 1.—Schematic diagram of microspectrographic apparatus. 

Essentially the microspectrographic methods employed may bo divided into 
two tyiics. Firstly, a line source is used and a wide slit (viz. 0*5 mm.) giving a 
photographic record in the form of a series of images, as in the spectrohcliograph, 
at dilfereut wavelengths. Secondly, the continuum of the hydrogen arc is u.sed 
with a narrow slit, the data being detected photographically, or preferably 
l)hoto-elec<rically. To date only the photographic method has been used by 
us witJi the line source fioin a mercury arc (an under-run 125-W Osira II.P. 
mercury arc with the outer glass bulb removed). With this lamp exposure 
times Irom 2 sec. to 2 min. will cover all the linos from 2360 A to 3020 A. The 
photographic material used is the Kodak B20 plate which is developed for 4 min. 
m undiluted D158 .slock .solution. This development gives a value of y of about 
1*2 ; a higher value of y of about i«5 can be obtained using concentrated D.8 
tlcveloper, but there is a very great tendency to stain the plates, making micro- 
pliotoinetry inaccurate. The plates arc microifixotometcred on a non-recording 
llilgCT microphotometer which has been adapted for continuous recording on 
Bromide paper. The photocell is replaced by an R.C.A. 931A electron multiplier 
with volts supplied by dry batteries. 

Specimens are mounted between a 0*5 mm. fused quartz slide and a o*i8 mm, 
fused quartz coverslip. Whenever possible a small quantity of «-hexadecane 
is allowed to run in between the coverslip and slide to minimize the errors due to 
refraction and scatter. The transmission through i cm. of pure «-hexadecane 
at 2300 A is greater than 3 % and no appreciable absorption occurs in the thin 
film of liquid between the iide and the coverslip. The refractive index of 

« Holiday, Biochem, 193^, 30, 1795. 

’ l*rice, /.C.i. Reports, 1949. 
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^2-hexaclLcanc at 2500 A is 1 49(> which matches tmly well with fusicl quiitz 
tt = I 507, ind most ol the miUinls studucl hivo rtfiactivc imluts Ixtwetn 
I 5 and 1 0 


Results 

Tobacco Mosaic Virus (I.M.V.). ihin lilms of 1 MV td (m which the 
p.uticlcs hi\t cndlocnd) nu> Ik oiunUd 1)\ icpt ilccl he um^ 

lx tween covcishp wdlcncnted peennen scvcid milliinctn ciuiic foi 
ihsoiptiun me isuuimnt-> n< ic idily old mud'* Such \ sptcinuii w »s plucd 
dost to the spec iiotn ipli slit me! illuminittd by the tonlinucms spcdnim of 
the h><hOf,< 11 1 imp with tlu tlttfiu \<(t<)i I pol'iii/cd p n dlil to iiul pti- 
}>cn(hciilir to the diuction ol she ii X Uolul ly c im plitt w i 1 iktn in t uh 
(.ase llu pUUs show i vtiy pionountcd absoiption bind it 2900 A toi I 
pai illd to itid no such bind lot / ptipcndit id u to, the diuttion of shcai 
(Plitc I) C empaling tlu sc u suits with those of Butt n melt (t al^ “it is seen 
that, accoxdmg to their ibsoiption cuivts, the absoqitioii pt ik it 2901) A should 
conespond to the case wluic I is peipenditulai to the she irmg diieetion, uid 
not pdiallel as show n ibovc In \ it w ol this disc icinc> the results woic cheeked 
on a streaming solution of 1 MV, as uscel by butcnanelt A o S % solution 



1 ic» 2 —Absorption curve of 
hexagonal ciystalline inclusion 
in leaf hur of 1 MV infected 
tobacco plants, with companson 
points (+) fiom absorption cuive 
of onented 1 M V film with L 
ixeipendiculai to shear dneelion 


ol 1 MV in distilled watei (pH ^6 j) xvas made to oscillate lout tune > pci 
second in a veiy thin walled fused quaitz tapillary eif o 5 mm bolt in liont e>l 
the sill ol the spectiogiaph Lhc oscillating motion was obtamtd by me ms 
of a moloi driven cam bt<uing on a rubbei bulb lhc avciagc stteaming 
velocity of the liquid m the capillary was about 2 m sec lo avoid loss ol 
light duo to lefi action at the walls of the capillary, two fused ciuartz coverslips 
weie mounted, one on cithox side of the capillary, and the space filled with wate 1 
A pan of cam plates was taken with the light polaiized with E paiallel and 
perpendicular to the direction ol streanung A third plate was taken with the 
liquid stationary and L perpendicular to the tube Ihe polarizer was placed 
directly in front of the capillary with the calcite half of the pi ism towards the 
tube The characteristic trmtophane absorption peak at 2900 A appeals on 
all these plates (Plate II) The band is most pronounced where L is parallel 
to the direction of streaming, 1 e parallel to the length of the vuus paiticle rods 
The plate for the non-streaming case lies somewhere between the other two 

® Perutz (private communication) 

* Butenandt, Fnedrich-Fncksa, Hartwig and Schoibe Z Phystol Chem , 
1942, 374, 276 
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( )ntitl piinl of cim j hti ol iohuco inosuc viius oiunUtl film 

(i) / pci] (ihIk 111 11 to (Iniction ol she 11 

(ii) / 1)11 ill< I to (liuition ol slu 11 


\lo fail pa^i 1*0 






II ( Dill It! } iinl ol ( III) I l< {f i I Kt MHOS lit \ II us s( liition 

(i) Sti( miiiu, uitli / itiuntlituln ttMlintlnn d slu lining 

(ii) Mon sti< inim^ 

(in) Stu lining with / j ii ilUl to dim lion ol stii iimiijjf 
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It must ]h not(d thit this method of oscillitmg the liquid xn a tube ^vlIl nsnlt 
onl> m i pnlnl alignment of the virus paitides whieh accounts for the fiet 
th it llu. pi itc t iken witli F peipt ndirulai to the xods does not show an ibstncc 
of tin ti> ploph me pc ik it *<)oo A I he diicetion of the eleetiie \cctoi h is been 
<h(cl td usin^ i pill of 12 fused quait/ eovexslips ns a poliii/er Miciospcctio 
p iphie ibsoiption eiiivis of small legions of I M V oiuutcd diy ^el contiini 
Lh it till t,cnci il sli ipi of the cui\ts published by Ihitcnandt (t at is coiuct, but 
tint till c 111must isstitcd ibo\c be 1 excised with lespc ct to the duection 
ol ])ol m/ it ion 

It i \< ivdoubtlulilom e m mtcipii i the dichioism of I M V as an nidieation 
ol till diieetion ol tin ibsoibmg ring compound within the molecule is suggested 
Iq Initinmdt In ti‘vj)(ophm< the nairow absoiption bind at 2900 A might 
oeiur e)nl> win n the \eetoi I is peipendicuhi to the pi me of the ring (and not 
pni did IS suw,g(steil) 01 when 1 is m i puticulii direction m the pi me of the 
indole nng (diduoism loi / in the pi me of the ring) Ihe dichroic latio at the 
maximum of the I M V absoiplion cuixe is of the sime older of magnitude, md 
of the sime sign as would be expected fiom form dichroism,^® and might not be 


1 IG 3 —Absorption curve s ol 011^ 
e nted lilm of sodium salt of thymus 
nucleic aeid (a) t perpendicul ir 
and (b) r parallel to diieetion of 
she u 



due If) oiienled nueliie icid as suggestoa This point is being investigated moie 
iully 

Miciospeetrogi iphic absoiption curves of the hexagonil ciystils m the leaf 
h iirs ol vmis mfe c ted tob leeo pi inis have the same gtncial shape as the absoip 
tion eiuvc of i M V sme 11 for / peipendiculai to the smeai diieetion (lig 2) 
It IS dihuiilt to obtain in aecmale euivo ior these crystals as they vtiy often 
foim on Ol ni ii the nurleus and have moie or less vaiying quantities of cyto 
pi ism on othei ibsoibing mattei at the side, 01 above or below the crystals 

Nucleic Acid ilie highly polymeri/ed sodium salt of thymus nucleic acid 
when moistened with a smsUl amount of distilled watei swells and forms a veiv 
VISCOUS transp irc nt mass which can be oriented, either m thin sheets by repeated 
sheaimg between c oveislips, ox may be drawn into thin fibres of a few/x diameter 
Ihe thm smcais are diicd in air leaving approximately 30 % water m the film 
the diy film is then scratched with a sharp scalpel leaving narrow islands of nucleic 
acid film sepal aied by clear regions fhe fused quart/ coverslip is placed on 
the preparation and «-hexadecane allowed to run in Well-onented regions of 
uniform thickness aic chosen, using crossed polarizers Microspectrographic 
absoiption curves for those nucleic acid films have been obtained for light 
polan/cd perpendicular and parallel to the direction of shear (Fig 3) The 

Witnei, Afiihrann-IesUchr KoMoxd Chem Bcch , 192^* 23, 189 
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lesnlts contnmcd the work of Caspcisson n.ncl tlu minimum cluhroic ntio 
ot these smt us is r i 6 S it 2i oo A in<l is constint thiout'liout tlu -( oo A b mcl 
The hbus ol niK Icic -itKl u< usuiH^ ncgiti\<ly bii< nt uid \ n^ <1 iti ^ 
sho\\s thit Iht'v lu ioo\oiunUd Unfoihinitdv ih< libic lu i iUi(t 
thukfoi iilli L-violc t ibsoipti n sjicctio i iph\ is thi v ^jCnciillv »t It ist \ fi 
m cliimtlti intl btiii" loimtl in sttiion not i 1 < il ol p ts Ilo\\t.\ti nst lul in 
toim ition t in lx obt imt <I on tin t ill of tin <iii\t it \ S )o ^ o A Ihttibn 
will tulth to tloiiblt tlu It Itn fh with ](iniiii<nt tl 1 h< i< nltinp iibit is 
poili\th biiiinn (lit Hu ](Mti\( 111 it lit i k 1 iI\ tiinutlbi k into lu itnt 
in tlu pH tint ot w itt 1 \ iptnii with itsultiiij;, tlnniinitioii in kii^tli Hu tli 
tliiou iitiofoi l)t)th t>p< of libit IS in tlu sunt tliittlion i< tlu in iMimini 
nbsorplion ottni ioi / puptntluulu to tlu libit It nt,th but loi tlu positive 
fibit the 1 itit) it *<t)( o \ IS miuh lowti Ntj itivt libitsyive iitiosoftlu oitUr 
ot I 1 7«5 ind i biufiin^tnct ol o n I lit thin^t in tlu dichioic i ilio for (lit 
ti insloiiiiition fiom positive libic to nt<iti\e in the pustntt ol w itti vipoiir 
his been me isnud niul in ill t ists tlu i itio lists fiom ibout x i 05 i r to 
I I s E 7 Jht tl instoinntion w is emitd out on tlie mitiostopc stige by 



liG 4- Absorption cuivt s ol < df thymus nut l< opiott in , (a) / poipendit ulir 
uid («) I p u lilt I to diuetion ol lu ti 

suppoitmg the covcishn on small gliss iibn *uid 1 lying sm ill sei ips of wtt 
hltcr pipe i neat tlu slwle 

OaW Thymus Nucleoprotein, Uu nudeojnottm of t ill thymus cm be 
made into lilms *inel hbres m a mtnnci *«nnil u to th it used loi nutk ic i< id The 
material doc& not ontnt as uadily as tlu nucleic icid ind Iibus tend to be un¬ 
even Tor this reason absoiption curves ne not veiy accurate (1 ig 4) Iho 
nucleoprotein is negatively bucfringent and dichroic latios as high as r i 5 to 
to I 6 have been obtained foi specimens with a biiefrmgenco of o 014 As for 
nucleic acid the maximum occurs when the light is polanzed with L perpendicular 
to the direction of shear 

Tyrosine.—Some prelimmary experiments have been earned out on crystal 
line tyrosine deposited on the microscope slide fi om a solution m wai m water The 
cr3r8tds are needle-shaped and are positively birefringent with lespect to the 
length of the needles, the specimens were mounted m the usual way with a 
fused quartz coverslip and immersed in ti-hexadecane The absoiption curves 

Casperssou, Chromosoma, T940, 4, 605 
Gosling (pnvatc communication) 
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weie diawn for the light polarized with L parallel and perpendicular to the 
direction of gicatcst lefractivt index Ihc curves (Eig 5) show that the ^\hole 
ibsoiption peak from 3000 A to 2500 A is dichroic, the ritio varying along tho 
curve and being at i maximum about 2S00 2900 A when values ot i 7 01 more 
lie obtained It is to be expected thit the benzene lings in tyiosmc ciystils 
lie with then ])laius almost pai illel 



Fig 5 —^Absorption of curve of tyrosine (a) £ paiallcl and (b) L perpendicular 
to direction of greatest refractive index 

We wish to thank particulaily Miss H Yates for much pam&takmg 
microphotometiy Prof J 1 Randall for constant adviee and encourage¬ 
ment, Dr R Marldiam for virus and plante Dr G Ostcr foi suggesting 
the investigation on tyrosine and T M V Prof R bignei foi nucl< ic acid 
Dr J A V Butler and Di Smith for nuelcie aeid and niicleoprotem, 
Mrs I Trott for diagrams and Miss F Tic< liurst for the plates 
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OBSERVATIONS OF PROTEINS IN POLARIZED 
ULTRA-VIOLET LIGHT 


By M F Pfrutz,* M JoPE,t and R Barer J 
Received 2i$t August, 1950 

Ihe absorption spectra m polarized ultra-violet light of single crystals of 
horse methaemoglobin, of otiented gels of tobacco mosaic vixus, and of a number 
of fibrous proteins of the a keiatm type were examined Haemoglobin showed 

• Cavendish Ldboratoiy, Cambridge 
I Spictrogiaphic Research Unit, london Hospital 
J: Depaiiment of Human Anatomy, Oxford 
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marked dichroic effects in the regions of both the Sor<*t band and tlio tryptophan 
absoq^tion maximum, indicating prefcried orientation of the haem gioiips, 
the indol groups ol tiyptopban and possibly some of the other aromatic ammo 
acid side chains. Tobacco mosaic virus sliowcd tli<‘ type of dichroism observed 
by Hutenandt et al.,^ except tor a revc‘i*sal of sign. None of the tihrous proteins 
of the a-k<'ratin type showed any signitkant dichroic citect.s. 


Cry.stals of pigments amnnonly exhibit polarization ])le()ohroisTn or 
dichroism. If tin* pigm<‘Ut molecuh's contain systems of <j(mjiiga(<'d 
double IkukIs, cither of a planar or a linear kind, ahsoi-^ition is usually 
greatest if the vibration direction of the incident light is parallel to \\m 
double bonds and least if the light vibrat<\s at right-angles to tluun. Studie.s 
of the plcochroisin of such substancei (;iui therefore provide u.seful in¬ 
formation on their moh'cular structure. 

Proteins contain thr<‘e aromatic groti|)s with pronouncctl absorption 
in the ultra-violet : the indol group of tr5rpt<>phaii, the plumolic group 
of tyiosinc and the phenyl group of i)h<myl alanine.^-^ It .setmed po.ssible 
that some of or all these groups might show ])ref(Trcd orientation within 
protein crystals or fibres, thus giving rise to ])leochroic effects. Evidence 
of such iiroferred orientation would be of great value when the merits of 
different ix)lypoptide chain models arc considered.*^ 

U.-v. dicluroism had actually bt‘en observed in streaming solutions of 
tobacco mosaic virus by Bulcnandt et ri/.,* who claimed to have found 
evidence for preferred orientation of try]>tophiui and nucleotides. Their 
results have recently been criticized by Wilkins ct aV who found the 
dichroism to be of a sign opposite to that descrilx^cl by Biitcnandt ct ah 
and who pointed out that some of the differences between Butenandt's 
two absorption curves may be due to form dichroism. 

The specimens examined here include single crystaLs of horse methaemo- 
globin, thin sections of porcupine quill tip and <;£ frog sartorius muscle, 
stretched films of tropomyosin and fibrinogen and oriented gels of tobacco 
mosaic virus. Crystalline haemoglobin and tobticco mosaic virus gel 
were the only substances in which pleochroic effects were observed. 


Experimental 

Preparation of Specimkn.s. —Owing to the high light absorption of proteins 
in the ultra-violet, .specimen thicknesses had to be of the order of only 3 to 10 /x. 
Thin platc-Uko ciy.slals of luM^inoglobiu were prepared by dialyzing a solution 
of horse methacinoglobin agjunst an uiibulfi^nul 2*5 M atnnioniuni siilpliate 
solution. The wet crystals were then mounted betw(‘en <iuartz cover-slips. 
Thin sections of porcupine quill were .shaveil off Ihe ti]) of tlie quill witli a razor 
blade and mounted in glycerine Ix'tween quartz sliiles. h'rog muscle was fixe<l 
in alcohol, dried, iinpr<ignaUKl with wax, out on a microtome an<l mouiite<l in 
glycerine between quartz covcr-s»lip.s. Tropomyosin aiul fibrinogen films were 
made by evaporating drops of solution on thin .strips ol polythene. Tlie drops 
were dried, remoistoned by breathing on them and then stretched by about 
500 % by drawing the polythene base, Tlie stretched films contained wcU- 
oriented protein as judged by tlxeir birefringence and dichroism in the infra-rod. 
Gels of tobacco mosaic virus were made by spinning virus solutions in a Servall 
angle centrifuge ; the virus particles were oriented by shearing the gel between 
two quartz cover-slips, 

1 Holiday, Biocliem, 1936, 30, 1795. 

* Abderhalden and Haas, Hof^e-Seyh Z., 1927, i66, 78. 

* Abderhalden and Rossner, ibid., 1928, 176, 249. 

* Abderhalden and Rossner, ibid., 1929, 178, 156. 

* Bragg. Kendrew and Perutz, Proc. Roy. Soc. A, 1950 (in press). 

* Butenandt, Medrich-Fieska, Hartwig and Scheil)e, Ho^e-Seyh Z., 1942, 
374 , 276. 

’ Wilkins, Stokes, Seeds and Oster, Nature, 1950, 166, 127. 
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Optical Technique. —Single crystals of haemoglobin were examined with 
the aid of the Burch reflecting microscope.® Light from a mercury vapour 
lamp was polarized with a Glan-Thompson prism sealed together with glycerine. 
The image of the crystiil obtained with the reflecting objective of the Burch 
microscope was focused straight on to the slit of a quaitz spectrograph which 
produced a spectrogram ol the crystal and of the background next to it on a 
photographic plate. The intensity of the background was graded by placing 
a rotating .sector in front of the .sjiectrogrjiph slit. Tlic .sjioctrograms were 
photometerod by comparing the light intensity transmitted through the crystal 
with that of the graded background for each mercury line. In tins v ay com¬ 
parable photometer records could be obtained for two mutually perpendicular 
jiositions of the polarizer. (For details of the optical arrangeinenf, see Barer, 
Holiday and Jope.®) 

Sections of porcupine quill tip and frog muscle, and gels of tobacco inosaic 
virus were examined directly using Holiday's quartz spectrograph which incor¬ 
porates a logarithmic cam moving-plate device^® and gives a direct picture of 
alMorption maxima. Thin films of fibrinogen and tropomyosin were examined 
with the Beckman spectrophotometer. In both cases the Glan-Thompson 
prism was used as a polarizer. 



Fig. I. —Absorption curves of two single crystals of hor.se methaemoglobin 
as dotennined with the Burch reflecting microscope. Electric vectors of the 
polarized light are parallel to the crystallographic a- and 6-axes. The weights 
of the crystals were of the order of 10-* g. 


Results 

Single crystals of horse methaemoglobin about 3 fj. thick and 10 fi square 
were examined with the light incident normal to the plane containing the a 
and h axes, wheie they show strong dichroism in the visible,^^ The absorption 
curves covering the violet and u.-v. regions of the spectrum are shown in Fig. 1. 
There is mark^ dichroism in the Soret band at 0*4 fi, absorption with the electric 
vector parallel to the 6-axis being 2*3 times stronger than in the direction at 

® Burch, Prcc, Physic, Soc., 1947, 59, 41 and 47. 

• Barer, Holiday and Jope, Biochem, Biophys, Acta, 1950 (in press). 

1® Holiday, J, Sci. Instr,, 1037, 14, 166. 

Ferutz, Nature, 1939,143* 73i- 
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righl-Anglcs. Al o*ji /* the U\t) tui\is iiio\e close togetluM*. The duhioism 
uses to another maximum at about 0-20/( .incl ifiuains Ingli rigid down to 
0*206 /*, tlio last meruiiy hue wlieic me,isuiemenls louUl be taken. 'I he diiei- 
tiou ol maximum ab'.ointioii u aIv^a>s ]>.uallel to the /)-a\is. 

Oiiciiled gels ot tobai co inosau. \inis showed th<' type of <lubu)ism hist 
obseived by Buteiiandt </ al.^ <.\ctpt Ih.il tin* polaii/atiou diii'itioni lepoited 
by tlie>c nuthoi*. shouM he mteuhangisl, a^ pointid out by WilUin-> tt alP 
When the eh (tin \<‘(toi is paiallel to tlu* hngth ol the \mis jiaituli , llu» line 
.stuietuH^ l)aml ol livi)b)phaiJ at o*2<m /i apptais «ind geneia! .ibauption below 
0*3/t is high \\ilh the <*le(liu \e<loi nonnal to tiu* pintuh length (he fine 
sliiutuie i>aii<l ol lijploplian is invisible and gent'ial *ibsoi])lion lielow 0*3/* 
IS low. The amount ol ilichioistu use. to .1 maximum m th(‘ noighbouihood 
of the absoiiition peaks bolh ol tiyplophan at <>*2>S and ot iibomit leie acid 
at 0*258/4. ln( iileutally, oui photogiaphs show the absoiption mavinium of 
the tiyptophau line .stuiciiiie hind to he at o*2<m //, as m most piobMns, and not 
at 0*288 II as given by J 5 utenaii<lt ot aL The lattei poiilum eouosponds to free 
tryptophan. In none of the other siiecimeiis could any sigiuiicaiit die hi 01c 
effect be d(‘tcctcd. 


Discussion 

The sign ot the dichroism of Iho Soret bmid is same a.s that of 
the absorption bands of luKmioglobiii in tho visible pail of the spectrum. 
The latter proved to be strong when the eloctiic vector was parallel to 
the plane of tlio haem giouj>s; tlie same condition seems to apply also 
to the Sorct band. 

Since the ab.soq>tion curve of hat»m shows no maximum on tli(‘ short¬ 
wave side of tlic Sorct btuul, the clicl)ioic cdfects in the ,s][xjctral region 
below 0*3 [I must be duo to preferred oru‘nt*i(iou of aromatic amino acid 
side-chains. I'he rcdationsJdp Ix'tween the numbers of each ot tho aromatic 
amino acid residues in the haemoglobiii molecule, and the position and 
relative heights of tlioir absoq)tion maxima is shown m Table 1 . 

TABLE 1 


Amino add residue 

No. of residues 
in horse 
haomnglobm^ 

Wav< length of 
dbsoipluiii 
maximum {/«) 

Molecular extme- 

tioa coeflicumt at 

absorption 

maximum 

Extinction coclBcicut 
per haemoglobin 
molecule 

Tryptophan 




26,500 

Tjrrosino . 



1400 

15,400 

l*lxcnylalatttiio 



J90 

03,(X>o 


Tyrosine and i)lu»nylalauinc show little absorption at o*2()o/*; there¬ 
fore the pronounced dicliroic clfect in this region can only Ihj due to pre¬ 
ferred orientation o£ tho indol rings of tryptophan, which must lie with 
their flat sides normal to the a-axis. Due to lh(j very high absorbing 
power of tho crystals, we were unable to make more than one observation 
on the short-wave side of tho tryptophan maximum; it is difTicult to 
decide, therefore, whether the dichroism is due to tryT[)tophan alone, or 
whether the other aromatic side chains also show preferred orientation. 

Poruts has shown that the a-axis corresponds to the direction of the 
polypeptide chains; hence the flat sides of the aromatic rings appear 
to be oriented roughly nonnal to the chain direction; their orientation 
is the same, in fact, as that of the haem groups. The X-ray data indicate 
the chain configuration in haemoglobin to be similar to that of the fibrous 
proteins of the a-keratin typo. It was this fact which mduced us to search 
for a dichroic effect in the latter. Its absence appears surprising. 

Tristram* Haemoglobin (Buttcrworih.*i, 1949), p. no. 

« Porutz, Pfoc, Roy. Soc. A, 1949, 195, 474. 
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Interprctatiou o£ llic ( 3 ichr(.>ic effect of the tryptophan fine structure 
band in tobacco mosaic vims will have to await a study oX the orientation 
of this band relative to the position ot the indol ring in crystalline trypto¬ 
phan As Wilkins ct al, hav<' pointed out, a further study of the relative 
importance of intiinsic and lonn dichroLsm will bo needed before any 
cU‘fiiiitc conclusions reganliiig the orientation of the nucleosides in the* 
virus particles can be dra^vn. 

Th<‘ authors wish to thruik Dr. K. Bailey, Dr. Roy MarkJram and Dr. 
L. E. R. Pickc'Ji for gifts ol bi>ecinKns, and Dr. E. R. Holiday, J )r. G. H. 
B(*aven and Dr. E, A. Johnston for their hospitality and help in working 
the Cam s])eclrograph. 


SOME COMPARISON BETWEEN X-RAY AND 
ULTRA-VIOLET ABSORPTION IN DIFFERENT 
TISSUE AND CELL STRUCTURES 


By Arne Engstrom 
Received ^ist July, 1950 

The results from iuvesligalion of a number of tissues and colls by an X-ray 
absorption technique for tlie determination of mass of cell structures are pre¬ 
sented. The variations in density in different structures are compared wi^ 
the absorption of ultra-violet light. Attention is drawn to eirors inherent in 
the experimental material and influencing the accuracy of the results. 


It is important in quantitative cytochemical analysis to have a standard, 
such as weight or thickness, to which analytical findings can be referred. 
The principal physical methods used in cytochemistry, absorption measure¬ 
ments with different kinds of radiation, permit the estimation of substances 
or compounds under analysis but only as grams per unit area or extinction 
values. Integration over an entire area is necessary to give total amounts. 
In the latter ease an analytical result can be expressed in grams per coll, etc. 
In order to calculate the percentage of a substance being analyzed the 
thickne&.s and specific gravity of the cell structure must be known. At 
present, however, there are no reliable methods for the determination of 
the Ihiclaioss and specific gravity of small biological specimens like cells 
or cell sLructuros. Thus for different reasons there is a groat need ft)r a 
method permit ting the quantitative determination of mass or dry weight 
of coll structures. It is also important that the sample should not be 
destroyed in the analytical procedure. 

This p»ipc‘r is mainly concerned with the results obtained with a recently 
develop(‘d X-ray method for the determination of mass of coll structures. 
In some cases a comparison has been made between mass as determined 
by X-rays and the ultra-violet extinctions for different wavelengths in 
different tissues and cell structures. 

Experimental 

It was previously shown tliat by utilizing selected bands in a long wavelength, 
continuous X-ray spectrum, it is possible to determine the dry weight of single 
colls and cell structures by absorption measurements. A consideration ot ■fixe 
theory of X-ray absorption ^ reveals that the mass of a structure in biological 
material might be determined with an error of loss than ^ % even if there were 
relatively large variations in the proportions of the constituent elements. 

*■ Engstrfim and I-indstrdm, NeUure, 1949, 163, 563. 
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Calculations showed tluil a great change in carbon, oxygen or nitrogen 
content (with nitrogen up to Oo %) x>ro<luces an error of only 5 in the deter¬ 
mination of mass.®* ® The same error will occur if other elements such as ])hos- 
])horus, sulphur, chlorine and calcium are pres<‘nt in veiy high < (uicentrations ; 
i.e. the cuneentiation of phosphorus would have to he about 5 sulj)Jmr i.j 
t hloiine 17 Vo* eahiuin g %. h'ig. i shows the eflei L on tho anuiacy ot 
nusisurenient ot diltenmt elements stipei imp >sed u])on a b<usic cailxui, o\ygeii 
ainl nitiogen mixtuie of the same ])roporti<»ns tis a piohin. Krom h'ig. i an<l 
the t‘xampl(‘s just given it is ohvhms that only in sp(‘cial insUin<'<‘s, e.g., 
ealeilied tissti(‘s, netsl a coriection for other elements, <‘.\c(‘j)t hytliogtui, he mad<‘. 
The correction for the absorption of hytlrogen (Uss than 10 Vo) is calculated 
by means of a formula derived for this purpose.® Mass can he* elet<umint‘el by 
tlie X-ray absorption te< hnique with an overall error under 10 Vo- ('alculations 
showe'd that even with thyroid tissue the UKlinc present does not disturb the 
detcrminati<jns of mass. 

TIui X-ravs used for determination of mass Ixavc wavelengths from 8 A and 
longer. iVoi^er wavelength distribution in the X-ray spectrum is obtaiiu‘tl by 



h'lG. 3.— -'riie allowed percentage of the 
common biological elemeuts giving an 
error of 5 % in mass d<*tcrmination, 'J he 
diagram is calculated for the wavc-Iongth 
legion 8 to 12 A. (I’Ycm Engslidm and 
Lindstrdm ®) 


tutoring 3000-V contimums X-mys through J’or the experiments thin 

Ul)pmann-omul8iou on celluloul base (manufactunid by Chwaeit, Antw(*ri>) 
was Used. 

The lesolving power of the X-ray absorption icclmic|uo is dei)end<*nt upon 
tho granularity and homogeneity of the lino grained tihn (‘luuision ust'd tor 
recording the microradiogram (X-ray absorption image). J^'or qualitative work 
the resolving ])owcr is about i but it is somowliat le.sH satisfactory for <pianii- 
tative determinations. The propoitics of hne-grained iilxn emulsions suitable 
for microradiography have recently been examined.^ 

A small reference system made up of nitrocellulose foils was printed on the 
fine-grained film simultaneous with the recording of an X-ray absorption image 
of a biological specimen. By photomicrography the images of the sample and 
the reference system were magnified. Tho absorption of X-rays in different 
cell structures was deteimined by photometric measurements on the enlarged 
image of the sample and reference systems. Details are given elsewliere.®* ® 
In order to minimize the absorption of the soft-X-rays in air the determination 
of mass must be performed in vacuum. 

* Engstrdm and lindstrdm, Biockem. Physics. Acta, 1950, 4, 351. 

•Engstrdm, in Progr, in Biophysics and Biophys. Ckem,, ed. Randall and 

BuUer (London, 1950), 

* Engstrdm and Lmdstrdm, Acta Radiol, (in press). 
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In some objects which had been *' weighed *' by X-rays tbe ullia-violct 
absorption 'it dilferent wavelengths was also determmed Ibe specimens were 
photographed at 2570, 2750 and 3100 A and the ultra-violet extinction was 
dctci mined by a photographic-photometnc technique Ihc ultra-xiolet dctci- 
minalions wcie poitoimcd by Dr J Numbei gei ♦ 

Jhe thickness of the sections was deteimined by focusing a microscope on 
the upper and lower smficcs of the specimen An ordinary and a phase con- 
ti isL iiucioscopc we 1C used , the objectives had a numerical apeituic (N A ) 
of J 30 Depending on the local depth of tlie objective ® the cnoi in the dctei- 
mination ol thickness was o 5 to 1 o fi thus peimitting onlv estimates of thick¬ 
ness Mciil shadowing at oblique angles as used in election microscopy was 
also tiitd for elctcimmations of thickness Ihis method worked well on isolated 
cells but not on sections 


Results 

In Plate I some photomiciogiaphs of microradiograms are shown All 
pictures were taken with 3000-V X-rays, filtered through g fi A1 I or the 
photo-microgiaphy Gevaert high contrast replica plates were us^ 

Plate I (i) shows tlie X-iay pictuie of a section of thyroid tissue Ihis 
illustration shows the great variation in density between difierent parts of the 
tissue i ixation and sectioning defects are also well demonstrated in the non 
homogeneous distiibution of mass within the follicles, (2) shows a malignant 
process in the thyroid gland and also here the great variation in density between 
cells is dearly observable 

Plate I (3) is a pbotomiciograph of a microradicgram of a section from 
gastnc mucosa The chief cells have the weight of about 04 < lo-^* g //i® and 
the paiietal cells only 02 X 10 g // li -* These findings have been discussed 
elsewhere ® In connection with the analysis of the gastnc mucosa, it was found 
that the fixative exerted an influence on the cellulai substance For example, 
in formalin a loss of weight was observed, presumably due to the dissolving of 
some proteineous cell substance 

Plate I (4) shows an X-ray picture of a section from the root tip of Hyacinihus 
The accumifiation of cellulai material in the growrth zone can be seen Tbe 
highly absorbmg areas are calaum oxalate crystals However, as pointed out 
previously, the X-ray method in the modification used here, is not applicable 
for *^he determmation of the mass of these structures At higher magnification, 
nuclei and nucleoli can be distinguished and cells in different mitotic stages 
can be seen 


Plate I 

(1) An X-ray picture of a 5 ja thick section of thyroid tissue The white areas 
axe those absorbing X-rays Depending upon the very high gamma values 
on the plates used for recording the X-ray pictures, differences in thickness 

and density are much amplified Magnification ca x 100 

(2) A malign degeneration of the thyroid gland Some cells absorb X-iays 

stiongly indicating a high mass Magnification ca X 100 

(3) Photomicrograph of a microiadiogram of gastnc mucosa Ihe chief cells 
C havt highci density tlian the panetal cells P hlagnification ca X100 

(4) Lnhi gc d microi adiogi am of a longitudinal section o I root tip from H^actnthus 
The diffciencc in density in different regions is clearly seen At higher mag¬ 
nification nucleoli and nuclei arc distinctly observable C are cacium oxalate 

crystals having lugh X-ray density 

(5) a A nerve cell from cat spinal cord photographed at 2750 A {left) 

b The same cell photogiaphed with X-rays Magnification X1000 

(6) a Ultra-violet picture (2750 A) of a nerve cell (lep) 

b X-i ay picture of the same cell Magnification x 1000 In Fig (5) and (6) 
N indicates nucleus and Nn nucleolus In both pictures the dose correlation 
between tbe distnbution of mass and tbe absorption at 2750 A can be seen 
Fig (5) and (6) are taken from unpublished work bv Numberger, Engstiom and 

Lmdstrdm 

* The complete results will be published elsewhere by Numberger, Engsirdin 
and Iindstr6m 

® Berck, S B Ges Naturw Marbg , 1927, <Sa* 1S9 
« EngstrOm and Glick, Sctence, 1930, 111, 379, 
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In (5) and { 6 a and h) <) pair of nerve cells is pliotogiapbcd witli nliia-violi i 
bglit (wavelength 77*)0 A) and The gCKxl loiieUtion Ik t\\een ab¬ 

sorption at -1750 A and by X-iays is well doinonsti.iled. In the X lay ]nrtiiies 
a gcneial tiend loi mammalian tells can be tiattd. '1 be cytoplasni Ji.is, m 
geiicial, lughci dimsity tJuin Uu nu< luis but tlie iim leolus has Ihe highest de n liv. 
In nei\e cells tioin thet it pinahoul thiMatio loi lyloplasin. nu( 1( us ; luu leolu . 
IS appioximatelv 2 i : hot ((tt.nn ]>lani tell, the (^ toplasiu .eiuii to have 

the lovtc'it Illative wtMghl pei volume niitl. 

'I he spinal tore! hoin a tat was pitpaied in seveial wavs ' by in e/e tliying, 
iiKation 111 lonnahn and <aino\'s solution. is(< lions ot dilleient Ihitkiu s 
wtiecut (the tlmkiu ,s w,is estimated by mitioaope iii< a-.intmienls) ami \-iav 
and ultia-viokt extinctions vveie imasuud. In tins mve*-ligation, the usults 
of which will be published m detail elscwvbcnc (Nuiiibcigei, hngstioni and 
I-indstiom) oui ami wms to see if the it, was any toiiclatiou bi'tweeii ultia-vioht 
absoiption and mass as well as to exploie inti i-it lations between ultia-vioht 
absorption, X-iay mass and thickness. The ctlocts ol dilicicnt fixatms wcic 
also considc'ied. 

Fig. 2 shows the lesults of mc'asuimg X-iay and iiltia-violet absoiption at 
2570 A in nci\'‘e e<*U cytoplasm. In each case the inc^e lueiucnts were iniegiatcd 



Fig. 2.— Extinction at 2570 A as function of X-iay mass for 
nerve cell cytoplasm. 

for whole cytoplasmic urea. As can be whju lioin h'ig. 2, tlwno seems to be, 
up to lelatively high cxtmctiou values, a iahly siiaighUinci lelationship Iks- 
twocu mass and ultia-violei extinction. l>es]iite the. oiiois luhotcmt in the 
methods the distribution oC the points as shown in f^ig. 2 endows the curve with 
a high degree of statistical probability. The orientation otfect postulated by 
Commoner’ was in fact encompassed by the variability ol the oxjiorimcntal 
results. 

In general the best correlation was foiuid between mass and uUra-vxolct 
absorption at 2750 A. 3 BVom the chemical com})osition and tlie i esponse to which 
the treatment the nerve cells had been subjected (lipid solvents), it is obvious 
that the major part of cellular substance is accounted for by protein. 

In giant chromosomes from Chironormts, X-ray absorption measurements 
showed that the bands had from 2 to to times a high mass per unit volume as 
the interband spaces. Striated muscle fibres had about twice as high a mass 
per unit volume in the anisotropic segments as in the isotropic. 

Discussion 

The investigation of a mimbor of different tissues by the X-ray absorp¬ 
tion technique for the determination of mass shows that there are large 

’Commoner, Science, 1950, iii, 08 . 
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varialions in density between different cells and also between different 
cell structures. This fact must be kept in mind when, for cxiunple, 
interpreting the results from dyo-binding experiments or optical absorption 
measiin'meuts. A structure -wnth a high dtmsity (high dry weight) has a 
high alfinily for a dye and a high absorption in ultra-violet light, specific 
and unspecific. This is demonstrated in the dittercnco in mass between 
tJie nucleus and cytoplasm in certain mammalian cells or m the giant 
chiomosomcs from Cinronomus. In some (‘xperiments one gets the im- 
lirossiou that tli<^ absor^ition of ultra-violet light reflects the variation in 
amount of dry substance of different cell structures. In other cases, like 
myelinated ncrv(‘ fibres,* the strongly X-ray absorbing myelin sheath 
does not absorb ultra-violet light to a comparable extent. It appears 
important therefore to stress the significance of parallel studies of the 
density of cell structures before valid C5rtochemical conclusions can be 
drawn on the basis of evidence obtained by other techniques. 

As the method of mass determination is based upon absorption measure¬ 
ments, the homogeneity of the area under analysis must be as carefully 
checked as in all types of optical microspectrography and densitometry. 
In connection with the homogeneity of the area measured, the granularity 
of the film used for recording the microradiogram is also of importance. 
Especially at higher magnifications associations of the submicroscopic 
grains in the Lippmann emulsion can cause an effect similar to that of a 
non-homogeneous field. A sufficient number of grains should be measured 
or counted with reference to the statistical nature of the photographic 
process. 

The X-ray method for deteimination of mass suffers from the dis¬ 
advantage in that living objects cannot be investigated since it is impossible 
to obtain an adequate contrast of an object immersed in a physiological 
salt solution. In order to secure good contrast extremely soft X-rays 
and work in high vacuum is necessary. 

All errors which are included in the techniques for preparing smears or 
sections must be considered. Thickness measurements on microtome 
sections of nerve cells showed that the nucleus, cytoplasm and nucleolus 
all had different thicknesses even within the same cell, probably depending 
on different behaviour in sectioning. This finding also was confirmed by 
oblique metal shadow casting of sections. 

The effects of fixation must also be investigated more carefully before 
applying cytochemical methods for solving different biological problems. 
The preliminary experiments reported here indicate that great losses of 
substance and changes in distribution of materials take place during 
different routine histological procedures for fixation, embedding, section¬ 
ing, etc. 

In a structure like the nerve cell cytoplasm the molecular orientation 
effect in ultra-violel light,* is smalltT than the expc*rimental errors in 
recording mass and ultra-violet absorption. No experiuK'nts have as yet 
Ix'on reported on the correlation between ultra-violc't absorption and mass 
in c<dl structures in which a strong orkmtation of tlic nucleic acids and 
proteins can be expected. 

Department for Cell Research, 

KaroUnska Institutet, 

Stockholm 6o, 

Sweden, 

* Engstr6m and Lfithy, Expt, Cell, Res,, IQ50, l, 81. 
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SELF-RECORDING MICROSPECTROGRAPHY AND 
ITS APPLICATIONS ON PROBLEMS REGARDING 
THE ENDOCELLULAR FORMATION OF 
HAEMOGLOBIN 


liy ]^t) Thorkll 
llccnved July, i<>5<> 

For t»tiulymg the enclocelhilar hacnio^^lobin synthesih a singlo-l>eam n‘Corcling 
microspcctrograph, working in the 5 »hort wavelength vibible range, ia dcsciibed. 
The results of analysis on normal bone manow cells rcv<‘al some data on the 
quantitative interplay between porphyrin compounds and haemoglobin duiing 
normal erythropoiesis. 


Provioiis investigations b *» ® have shown that th<' t‘ndoc(‘lhiIar haeinin 
synthesis during red blood coll formation is se]>aratcd fnnn the earlier 
j^rowth and division processes. Moreover, isotope studios ^ on the meta¬ 
bolic b<*liavi()ur of the diffenmt developmental stages sliow(*d that the 
synthesis of hacmin in the later phases of erythropoiesis proceeds compara¬ 
tively rapidly. 

Thus, in the normal blood-forming organ, there is, at a given time, 
a relatively small number of cells with a maximum rate of hac^min synthesis. 
From normal bone marrow, therefore, it seems imliktdy that it would be 
possible to make macrochemical preparations of the intermediate ssteps 
in amounts large enough to permit analysis. If, however, the cells, which 
from earlier data can be concluded to po.ssess the maximum rate of hacmin 
synthesis, arc investigated separately, the chance for detecting precursors 
is increased. Microspectrography offers favourable conditions in this 
case as the different prophyxin derivatives, conceivable as precursors, 
have characteristic absorption spectra. 

This investigation will firstly reveal whether there are measurcablc 
amounts of porphyrin derivatives in the cytoplasm of the cells at certain 
stages during normsU erythropoiesis. Secondly, in ord<T to study the 
kinetics of the endocellular ha<*min syntlu^sis in r(‘lation to the cytological 
behaviour of the erylhroblasts, the ratio of possibly existing por{>Jiyiin 
compound to haemin at <lif£erent stages of haiinoglobiniration will bt^ 
det(‘nnined. 

The dctemiination of haemoglobin in ('ytologieal ])re]>anitions has 
Ix'en dealt with earlier.** »>• Summarizing some nc'enl results iiom tJiis 
laboratory,’ the ha<*moglobm in air-driod blood- (or boiu^ marrow) smears 
after 72 hr. occurs in m<‘t- and oxy-form, the proportions varying betw<‘<‘n 
40 and 60 %. This gives a complex absor}>tion curve with a maximum 
at 412 m^t. Fairly independent of the above m<uitioncd variation in 
met-haemoglobin formation, the extinction coefficient at the maximum 
is 8 X 10’. The dry state does not affect this value. Lambert-Beer's 
law Ls followed without measurable deviations at concentrations below 
30 % haemoglobin at the actual layer thicknesses. 

Thorell, Acta Med, Scand,, 1947, Suppl. 200. 

“Thorell, Cold SMng Harbor Symp, Quant, Biol,, 1947, 12. 

® Hammarsten, Thorell and Aquist (unpublished experiments). 

* Thorell, Herd, Med, (Swed,), 1950, 43, 

^Cole and Brackett, Bev, Sci, Instr,, 1940. it, 410. 

* Jope, Haemoglobin, ed, Roughlon and Kendrew (London, 1949), p. 205. 

^ Thorell and Akergian, to be published in Acta chm* Scand,, 1950 
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In this investigation, a great number of cells are being analysed with 
regard to cytoplasmic light absorption at the Soret band region (mainly 
390-430 m^). Also the total amount of absorbing substance per cell will 
be d<‘ienninocl. I^'or this purpose a single-beam recording microspectro¬ 
graph was built. 


Experimental and Results 

Fig. 1 shows a block diagiam. The .source of light A is a tungsten lamp- 
foci fiom an accumulator battory^ The tension (6*5 V) is controlled by a pre¬ 
cision vollniotor. The light is dispersed by a prism monochiomator B with 
c)o" constant cletlcction angle. The band width at the slit apertures used is 
less than 3 A. Stray light is filtered off with the Schott filter combination C. 
The optical path is so arranged that the monochromator exit slit functions as 
an illumination field slit, and the microscope condenser diaphragm as an aperture 
diaphragm. 

The following were used in the beginning as microscope optics : an achromatic 
condenser with numerical aperture (N.A.) 1*0 ; an apoc^omatic X 60 objective 



with N,A, x*o and 2*9 mm. focal length ; and as eyepiece a X10 compensating 
ocular, D-b\ In later experiments a reflecting conden-scr and objective were 
used, built with the help of instructions from Dr. W. E. Seeds and Dr. M. H. F. 
Wilkins.® These optics have a N.A. o«55 and focal length 5 mm. 

Fioin the microscojie the image is thrown by a 90 * prism G towards the 
photocell aj^erture L, The prism can be moved in steps with a precision micro¬ 
meter-screw around a horizontal axis. The contact II, the relay J and the 
shutter at L arc used when measuring the total amount of absorbing substance 
in the cell (see later). K is a rotating sector for controlling the linearity of 
the intensity registration. The di.stance from the microscope to the photocell 
is so chosen that the photocell aperture corresponds to an object surface with 
a diameter of 0*2 /x. 

The photocell M is a battery-fed RCA 931-A or 1P-21 multiplier tube shielded 
together with the pre-amplifier N, which is a D.c, amplifier with an input imped¬ 
ance of 5 megohm and 100 % feed-back. O is an effect amplifier and P the 
recording instrument, an Esterline-Angus recorder 0-5 mA. 

When recording the spectrum in a certain wavelength range, the point to 
be measured is projected on to the photocell aperture and the drum T adjusted 
to the desired starting wavelength. The stop watch S with a circuit-breaker 
relay is set to the wavelength range require and the current switched on. 
Thereby, the synchronous motor R both drives the chart of the recording in¬ 
strument and continuously changes the wavelength. The intensity of the 

® Seeds and Wilkins, Nature^ X949> 298, 
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incidtnt ilcnocl lipfht i oltnnc 1 in tlic sime ininiiti Inif nsinr i point 
in the imiiKelute nci^jhliouihood ol tiu <tll iml pio) <lini? Ihis on 1 ) the photo 
cell jjKituu (1 ^ (t) 1 hi uquiies <\( n illuinin ih n oi the elp 1 wlneh is 

sicuutl sitisfutonl> in the I(\<1 <l iltiluU ol the in m > hi< in it i lit iiii 
When cl( 1( i ininiTif, the tot il iin iint ol il soil in snl lime | i eell the 
imi^,< ol 111 oliert is so iljnsled Hut the eluiiu i i I (1 ( 11 1 11 I< n i 
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vcitie'll hue tillongl Hic photocell apeituie Jlu pii m G is then moved irouncl 
its hoii70util axis, 'wheieby point iCte i point aloiif, the dnmeter of the cell is 
piojectcd into the photoecll The uliy luingeinent II | Icivcstlu shuttci I 
ope n only when t ich point is c xnctly in position thus the re e oielcd light intensity 
corresponds to definite points eqiuelist intly clistiihiiied ilong the diameter o£ 
the cell {Fig zb) ihe leeoideel peak iie eonnected ind the enelosed aica 

E 



Fig 3 


measured In the case of the symmetncally built erythroblasts the total 
extinction is then calculated by intogtalion of the surface obiamod Ihe 
accuracy of the method has been found to be 5-xo % of the ealculated value 
Bone marrow cells from hens, rats and humans have been used as material 
for the investigation Ordinary air-dned smoaas wore made on object glasses. 
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and the eiythiobl ists v^cre investigated in the apparatus desenbed after i to 
72 hi 

lig 2a shows Ihc piimiry recoids of nn ibsoiption spectium between 
300 I > mfjL ficm i point in the cytoplism oi in crythioblast lig is in 
t vamplc ol Jtc( idiiiv^ ilu light ibsf rption at 41^ mju in points along the di imctei 
ol in ei>lhi bl i i 110m the eiiivi it can be seen diicetlj how the absoiption 
ol Uk ( > I 11 Lsin cn both sides ot tlu nuehns is high o^^lng io the haemoglobin 


E 



Fig 4 

deposition Fig 3 shows calculated absorption curves from erythrocytes m 
a fresh smear preparation The curv^ have pure o\.y-haemoglobm macurna 
Hg 4 shows absoiption spectra from a mature erythrocyte (top) and two 
erythroblasts eontaming about half the final amount of haemoglobin In the 
latter spectra there are two distinct and separate components (i) the met- 
oxyhaemoglobin mivture discussed above, and (11) a specific absorption around 
405 mfi This short wavelength absoiption is no doubt due to a porphyrin 
Table I shows some pielimmary values of the ratio of porphyrm (calculated 

TABLE 1 


Cell Diametor 

Total Amount of Hb 
in icr*/is 

Ratio 

Porpbynnggmoglobm 

00 

2 

_ 

7 S 

10 

0 2 

75 

15 

0 25 

7 5 

22 

0 X 

5 

25 

0 0 

Mature red cell 

28 

0 0 


as piotopoiphyim) to haemoglobin in rat erythroblasts at different stages of 
hacmoglobmization From these values, the ratio appears to be highest in the 
cells which have leached around half the final amount of haemoglobin 

Discussing the results, it can be stated firstly that during certain stages 
of haemoglobmiration the normal erythroblast contains fairly* large amounts 
of porphyrins Free piotoporphyrin has earlier been found m non de¬ 
ficiency and haemolytic anemia, m reticulocytes foUowmg mcreased red 
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cell production, etc.®* i®# ii. la xhie present results indicate pc>rj>liyrin 
compounds to be a cellular constituent during normal erythropoiesis, and 
with great probability an intermediate compound in th<‘ sjmthesis of 
haemoglobin. Assuming this compound to 1 k‘ protoporphyrin, the ab- 
soq^tion at 405111/1 suggests partly saturated sieh' eiiains and ]>n>])al>ly 
that it is bound to (or tomU‘d on) th(‘ ]>rot<‘in roinpoiUMit.'® 

Conconiing the kinetics of the endocellular luuunoglobin synlh(\sis, th<^ 
fnidingof a maximal ratio of porphyrin to liaemoglobin in themitlsf ol tin* 
haemoglobiiiization imHiess indicates a two stt^p reaction with a slowtT 
S(‘Cond phase. The inv<‘stigation is Ix'ing continm‘d, esp<‘cially as regards 
the closer definition of the porphyrin comix>nncl. 

This study is carried out under a grant from the M<'(lie.al Ros<‘arch 
Council, Sweden. 

KaroUnska institutet, 

Stockholm, 

* Seggcl, Ergcbn. inn, Med, u, Kindevh., 58, 58-2. 

10 Watson and Clarke, Proc, Sor. Expt, Biol, Med,^ 1037, 369 <>5. 

Watson, Grinstcin and Ilawkmson, J, Clin, hioest., i<> 4 <|» 33 , <>9. 

Grinstcin, Silva and 'Wintrobe, ibui,, i<)48, 27, 245. 

^sbomlwrg and l-<*gge, Ilrmatin Compounds and Pile Pi foments (fnterseience, 
Now York, 1949). 


MICROSPECTROGRAPHIC STUDIES ON THE 
YELLOW PIGMENT IN NERVE CELLS 


By Holger Hyd^n and Bo Lindstr&m 
Received 2Sik September, 1950 

The results from a study with ultra-violet and X-niy microspcctrography, 
fluorescence spcctrography and cytochemical tests of the yellow pigment m 
human nerve cells are reported, This pigment, lipofuscin, is found in the 
cytoplasm of the nerve cell and increases in (quantity with rising age. 


reataso nucleoprotcins are a jdiysiological constituent of all big iktvo 
colls. They occur m great amounts in the cyto])lasm and in .smaller 
amounts in the nucleolus,^-’ A production and consumption of the 
pentose nucleoproleins in the nerve cells has lieen sliown to Iw a phe¬ 
nomenon accompanying adequate stimulation of the n<‘uron.*» 

The occurrence of the yellow pigment in the cytoplasm of human nerve 
cells thus makes a study of its composition a prerequisite for further 
investigations. 

‘ Brachet, C,R, Soc, Biol,, 1940, 133-144, 88, 

* Biachet, Emymologia, 1941, lO, 87. 

* Hyd 4 n (Landstrdm), Caspersson and Wohlfart, Z, mihr, anal, Forsch,, 1941, 49. 

♦ Hyddn, Nord, Med,, X94i, 4 , 3048. 

» Hyddn, Rord, Med,, 1942, 1,144. 

• Hyddn, Acta FHysiol, Scand,, 1943, Suppl. 17, 

® Gersh and Bodian, J, Cell Comp, Physiol,, 1943, 21, 253. 

® Hyddn and Hamberger, Acta oMaryng,, 1945, Suppl. 61. 

® Hyddn and Hamberger, Acta oio4ar^g,, 1949, Suppl. 75. 

lOHyddn and Hamberger, Acta oto^laryng., 1949, Suppl. 75. 
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Cytological observations were eaily made on the incidence and fre¬ 
quency o£ the yellow pigment in the nerve cells. Between the age of 7 
and 30 years only a limited number of nerve cells in the spinal cord and 
in the medulla oblongata contain yellow pigment whereas between the 
ages of and 80 years it is present in nearly all the nerve cells in this 
area.^^“^‘ I'he substance can occupy the greater part of tlie cytoplasm, 
iht* nucl<‘us tJien heung displaced towards the periphery of the cell. Its 
distribution within different parts of the nervous system has also been 
d(‘scrilK‘d.^*' 

The lipolusciii contains a lipid part which is dissolved with organic 
solvents and another part which stains with basic dyes.^*» The dye 
is not bound to the lipid-soluble part. The yellow pigment takes up basic 
dyes at a pH greater than 5*5. On this observation an elective staining 
procedure has been based.®® The stained part of the yellow pigment is 
insoluble in acids, alkali and alcohol-ether. The colour remains after 
treatment with potassium permangate, sodium hydrogen sulphite and 
hydrogen peroxide.^®* 

The yellow pigment in the nerve cells has frequently been interpreted 
as a slag product, impairing the function.^** ** Its occurrence at an early 
age and its large quantity in the cell on the other hand are against such 
an interpretation.^* 


Experimental 

Material and Methods. —^Anterior horn cells from the cervical intumes¬ 
cences of the spinal cord from individuals of varying ages, between t 6 and Sg 
years, wore studied. Tlie material was taken 3 to x8 hours post mortem and 
fbced in liquid air accoi^ling to the Altmann-Gtoh freezing-drying method or 
in 10 % formaldehyde solution or in Camoy's solution. Frozen sections of 
unfixed material were taken for fluorescence spectrography. To remove paraflin, 
chloroform was used which was followed by absolute alcohol. The section was 
immersed in glycerine for at least 2 hr. Before the ultra-violet measurements 
suitable cells were dissected free from adjoining tissue on one side to obtain a 
blank. Sections for fluorescence spectrography were only covered by glycerine 
and the cover slip or treated with chloroform and alcohol or with methanol- 
chloroform. This does not remove the yellow substance. 

Absorption Spectra were taken in the ultra-violet range and the visible 
part of the spectrum in various parts of the cells, using the apparatus constructed 
by Casporsson.®* The cells were selected by means of photography at 2570 A 
in the ultra-violet microscope constructed according to Kdhler. 

Optical System, —Zeiss quartz monochromates corrected for 2570 A and 
for 2750 A. Objective^ 2*5 mm., numerical aperture 0'85. Ocular, X 10. 
Condenser, numerical aperture 0*65. Within the visible parts of the spectrum 
the optical sybtom used was a Zeiss apochromate, numerical aperture i’25 
and compensation ocular x 10. 

For a study of the ash content of the cells, mioro-incineration was carried 
out at 500® C for i hr., alter which the cells were photographed in the dark 
field. Sections were iligcsted with ribonuclcasc, prepared according to Kunitz’ 
method and rccrystallizcd in alcohol three times, in a solution containing 

“ Oberstciner, Arb, Neurol. Instit, Wiener Univer., X903, lO, 245. 

Mfililinann, Verh. dtsh. path, Ges., 1900-1, 3-4, 148. 

” Mlihlmann, Arch, mihroskop. Anat. Entwicklungsgeschichte, 1901, 58, 231. 
Pilcz, Arb, Anat. Physiol., 1895, 3, 123. 

** Altschul, V%rchow's Arch. path. Anat., 1938, 301, 273. 

Altschul, J. Comp. Neur., 1943, 78, 45. 

” Wolf and Pappenheimer, J. Neuropath. Expt. Neurol., 1945, 4, 402. 
llueck, Bietr. path. Anat. allgem. Path., igxi, 54, 68, 

Bethe and Fluck, Z. Zellforsch. mihroskop. Anat., 1937-38, 27, 211. 
Volkmann. Z. wissensch. Mikr. mihr. Technik., 1932, 49, 457. 

Obemdorfer, Zentr ges. Neurol. Psych., 1921, 36, i. 

Brahn and Schmidtmann, Virchow's Arch. path. Anat., igzo, 227,137. 

** Hett, Z. AUersforch., 194x-4, 3-4» 174. 

** Caspersson, J. Roy. Microsc. Soc., 1940, 60, 8. 
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ated at i tension ol pioo volts inel liUenel tlii< 11 h i )/t lliu k dumiimim ioil 
the wivt length tin ii luinjf ippio\inut< 1> s A No tie mint id in 1 irt,e 
quantities in the tis'.ui his inv di iuibmg ib oiidion pi ik in this i \nf,e 

Ihitk sect Kill <) to 10/1 of the (<i\u d intunu iin t lioni i hum in spin il 
told fivd m 10% loim ihli li\d< solution w is ]>hol(>w,i qilu d on 1 I ippininn 
film togtthe 1 with i iileume s^*»tem lliiseon 1 tid ol 1 veidgi of tolliKliou 
jfoilb m steps qipios-im ill Iv o 1 /xthuk J ht him dlow ilft{ti\t iingndu ition 
up to 400 Imus Allii diMlopiiif, in m ill dine hydioqiiinoiu dee eloper, 
the pieluie of the tissue luel the le teitnee s\ It in w is photogi iplied lu i initro- 
eiincra it a inigniht ition ot pio time llu ele luity on the photo i iphie jdite 
within ])uis ol the nene etlls tout lining yellow pi meiit 01 i)eiito-»e nutleo- 
proUins wis me ibuied with a Kipp and /oiun mu leipliotonutci 

Since both contiol cells and tells eemtiiniin, yellow pigment oetutud in the 
bamo section and wtic phoiogiapbed Uvethei with the ii terinec system, those 
souiccb of eiioi weic tliminatcel th it coulel be e iiise d by ditfeicuccs lu the dcmity 
curve of the films and by the deetloping ixul liMtum pteietsscs 

In order to eonirol the cells aCtei X 1muieipliotogi iphy the same sections 
•were stained witli toluidmc blue this peimitteel x eliicct coirclatioix of the 
results of the density deteiminitiein with the tvtologicd pictuxe in outer to 
detcimmc the thickness ot the see turn within the p ut of the cell to be me isuicd 
paitieleb in the uppei and leiwci suitiec ol the section wtie focused and the 
focal length detenmiitd 

Optics —Objeelive ipoehioiuite <>o, MA i (ompensiting oeul 11 
10 St lining oi Llu eell•> with toluidiiu blue w is ilso ]>( ileniiuel iHti ibsenp- 
tion mtasuiement m the iilti i-vioh t mel visibh piitsedtlu ])e(lium it pi I |, 
and also it pi I guatei thin > ) with Cuntiin violet olulioii net iding to U< the s 
and Volkmum > inetluMis I eulgen •» nuele d it lelion wi u etl to vh iiion 

sti lie tlie pie sene< eif desovvpe ntoa imehu u id*. 

Nerve Cells comaining Pentoso Nudeoprolciiis (Controls). llu 
contiol mate I III (oust ded oi inlenoi hoinetll itom i \ouih qed is (oiiLtol 
cells and those' eontaimng yelUiw pi|.iu<nt weie pie i nt in the siiue see turn ou 
X-iay mKroidiologj iphy (see the loiegoing) A imeu) eeipie eoiitiol \va-» fn-*t 
inidc ol the cells scleeteel ten nu 1 uienunt to ensuie Ihil they (ont mud no 
*jiained substances A inonexhiom itoi wis useel as the souiee ol light 

Absorpiion MlAbUKi Ml n i-» Motoi inteiun hoin cells m mm hive been 
shown, by means of cyloehetmcal nuthoeU, to contun eonsulerible eonuntii- 
tions of pentoso nucleic acids and protein mbstiuees Quaulit itive dtleimin- 
Ations have shown a substantial content of nuele le ae ids, i e 1 to a % *• iiie 
substance containmg nucleopioleins is distributed in moic 01 less well-ektined 
agglomexaliens in 1 ±lo cytoiilosm and in the dencliites, correspemding to the 
distribution of the basophil Nissl substance Desoxype ntosc nuelcic acids are 
only found m scanty amounts in the moioi net ve cells and ai e eonfinod to a sm ill 
number of paitides in the pciiphety of the nucleolus, conipiising the so-called 
nucleolus-asbociated chromatin No chnacicnstic absoijitioa mitimi could 
be observed in the control material on moasuiomcnts in the visible paits ol ilie 
spectrum 

EngstrOm and Lmdstrdm, Btophys Aota, 1950,4,351 

**Hyd6n and Ilartelius, Acta p^ychiatir nfiivol , Suppl t<)48 
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(a) (h) 

Ik i) ViiUiJoi lioin cell ctntiininw, yellow pigment liom luimin spiinl 
u)i(l]'h()l()^i iplicd it 2570 A (r/) ind ilUi stiinin^ with toliiulini blue it [)I 1 4 [h) 



L K 7- Anidioi hoiii cell lioni iiiim in spin il toul I’lioto^,! iphicl on i I ipp- 

nun him with in itcclci ition Unsion of 3000 volts Jlu iici in tlu cvtoplisin 

to the kit ot the left bliek. lint contuns >tllow pigment uid st inds out dtculy 
due to its hi^h absoiptK n Ccipacit> C t the ncive etll i 
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Mass OjinuiMiNATioNS by X-rays. —^Examples are given in the following 
of dclciiuinations of the total amount of substance m the nerve cells which 
contain no yellow pigiiicnL, The nuclcolons stjinds out clearly in the cell in 
Fig. X by iniMiis ol its more in ten so absorption compared with the remainder o£ 
the nucleus. \ number of points in the nucleolus, the nucleus and the cyto¬ 
plasm were measured on photomeirical determinations. The relation between 
the total amount of substance in diJferent 
parts of two control cells witli the quantity 
of substance in the cytoplasm as a unit is 
given bt low. They aie lak<‘n at the tension 
ol 3000 volts. ICach single figure is the 
mean ligure ol about ten ileterminations. 

Nerve Cells containing Yellow Pig¬ 
ments. —Absorption Measurements — 

Fig. 2 shows an anterior horn cell, un¬ 
stained and photographed at 2570 A. The 
cytoplasm absorbs strongly. In the right-hand part the absorbing subst^ce 
is not locahzed to distinct agglomerations but is diffusely distributed within 
the cytoplasm. Fig. 5 demonstrates absorption spectra taken within the 
ultra-violet range and the visible parts of the spectrum to 4600 A at points in 
this area. A strong absorption maximum appears at 2600 A. The absorption 
is also strong at 2800 A indicating the presence of heterocyclic and aromatic 
amino acids (trypUiphanc, phenyl alanine and t3n:osinc) in the protein present, 
'riiiit ])art of the cytoplasm in the same nerve cells from which these absorption 
spoolra were taken could not be stained with toluidine blue at pH 4 (Fig. 3). 


TABLE 1 

Cytoplasm Nucleus 

T 0-54 

I 0‘56 


Nucleolus 

o-go 

0*82 



Far. 5.- -Absorption spectra taken between 2400 to 4600 A in aieas of anterior 
horn cells containing yellow pigment from human spinal cord. 


Fig. 6(a) and (6) show another example. On tlie left of the figure is seen the 
cell pholograplieil at 2570 A. On the right it is stained with toluidine blue. 
The area nevcrtlxeless stained well with toluidine blue at pH greater than 6 
or with Volkmann's Gentian violet solution, and contained much yellow pigment. 
The murexide reaction gave negative result. 

On micro-incineration, this part of the cell yielded considerable (Fig. 4). 
A comiiatison with the remainder of the cytoplasm, which contains pentose 
nucleic acids and protein substances, showed that the ash had a substantially 
greater density in the area containing yellow pigment. 

Experiments witli digestion with ribonuclcaso revealed that it was not possible 
to remove tliat part of the cytoplasm containing yellow pigment with the help 
of the enzyme. The absorbing substance remained, and absorption spectra 
taken after digestion showed no differences in comparison with those taken 
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before digestion. On the other hand, the i>tMiU>se mu leu .icids m the leiu.undtM 
of the endoplasm wcie loiuoved. 

In view of the absoiption inaxinmni at 2hoo A and ^750 A and the yilhn\ 
colour ol the pif»ment, it was easy to assume a llavin component. Tin* test, 
presuihed bv V\«iibuij; and Chnstian weie theieloic* made on the* sc'clions 
These \\hum's demoiistiaied that on illuinmation in an nlk.ilint* solution tin* 
composition ol the IcMiueni is <hain*c‘d and altcM ac nlilication tan lie 

extiac t<‘<l by thlotoloiin. Oui c‘\pcMuneiits did not, however, it >uU m <\ <h, 
appeaiantc* of tin* ytdlow pif,Mnent m the iieivc* c c*ll * 

bnroRi'Sc i N( h SiM'C'iuiiM 'I’lie yellow pigment shows a yellowi h IIiumc*, 
ttMice whu b IS not t hanged or diimmshed altei tieatm<*nl ol tin* set tion by at nls, 
alkalis, thltuoltnm, Uilorotoim-methanol or inadialion 

Fluorescence sjxHtia weie take*!! on frozen, iinh\etl tt‘lls <‘onl.iinin« yidlow 
pigmcni and on cells aftt‘r the lieatment dost nbed above*. 'Hie [diologiaplin 
plate was also exposed without the cell but with the adjoining tissm* in locus 
and also without the section. Spectra show a mcHlc'ratcly stiong ilium*a’<*nce 
band between 440-400 ni/Lt and anotlui band betwt*en 

Mass Determination by X-rays. —In order to make a duett companson, 
measurements wore taken o£ the control c< Us and the cells rich in pigment lying 
in the same section. Fig. 7 shows an example of a neive ct‘U lonl.iining both 
yellow pigment and nuclcoprotems, photographed on a Lippiminn tilm with <in 
acceleration tension of 3000 volts. The aiea to the left ol the let I bhu k liiu^ is 
seen to absorb particulaily strongly. This contains yellow pigment. 'I'ln* nght 
part of the C3rioplasm on both sides ol the black hue contains ]><*nlose nucleic 
acids and proteins but no yellow pigment (see Table 11). 

TABLE n 


Cytoplasm contamiog: 

Weight m 

1 ■“ *** 

'1 hif m ft % Ol y Sub*, tarn c 

Pentose nucleic acids and 
proteins .... 

Yellow pigment . 

4*2 X to*'* 

5*5 X IO-* 

11-3 37 

y« SO 


Each determination is the mean figure of apprcximately 10 measurements. 
The results of these determinations thus show that the Jiieas ecMitaining yellow 
pigment in the nerve cells have a considerably larger total ciiiautily ol clry sub¬ 
stance than corresponding areas in the neive cells containing peiito-»t* nucleic 
acids and proteins but no yellow pigment. Appioximalely 100 iiu*.isui<‘metUs, 
made on nerve cells with and without y<*llow pigment, luivi* uniloimly shown 
the same difference in the total quantity ol substance per unit vohiuu*. In the 
examples of measurements senes given, the figures -ihow that, on an average, 
the area containing yellow pigment had 50 % moie dry suhstann* tlmu (oiie- 
sponding areas containing nucleus acids aiul prolems. 


Discussion 

A survey of studies of the yellow pigment by optical motlxods reveals 
(i) absorption bands at 2600 A and 3750 A, (ii) fluorescence bands between 
440-460 nijut and between 530-560 nifi, around 50% larger quantity of 
dry substance than areas containing pentose nuclcoproteins. 

The absorption maximum at 2600 A did not disappear after digestion 
with ribonuclease whereas the pentose nucleic acids present in the nerve 
cells could be removed by the enzyme. The specific band can be explained 
either by assuming the presence of substances other than nucleic acids 
or by assuming pentose nucleic acids in a chemical configuration which 
cannot be attacked by ribonuclease. The absorption dabi together with 
the fluorescence data suggest flavins or pterins, 

Warburg and Christian, Naiurwiss,, 1932, 20, 980. 
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The position of the absorption and the fluorescence bands with ab¬ 
sorption at 2bo m{jL to 375 m/x and emission at 450 m/x and 550 mfi in¬ 
dicates Ihe presence of a complex chromophore. Flavins, e.g. ribo- 
flavins can be excluded. The data obtained indicate more a substance 
belonging to the pterins. Standard spectra of pterins in solution, both 
xanthopterin and leucoptorin, show two strong bands between 435 m/x 
and 540 As the fluorescence spectrum of a pterin differs according 

to whether it is solid or in solution further data are required. The data 
obtained are, liowt‘ver, in favour of pterins as components of the yellow 
pigment. 

The determinations by mass determinations by X-rays showed that 
the areas contaming yellow pigment in the nerve cells had a considerably 
higher dry weight than areas containing pentose nucleoproteins. The 
difference was on an average 50 %. The difference in density of ash 
residue shown by micro-incineration was therefore in this case a true one. 

Regarding the biological aspect of the results obtained the following 
reflections may be made. The data given show that the amount of 
pentose nucleic acids in the anterior horn cells decreases with rising age. 
The space occupied by them appears to be replaced by the complex 
yellow pigment. A partial change in the chemical structure of the nerve 
cells therefore takes place with increasing age. 

Since this reconstametion of the nerve coll in rising age is so consider¬ 
able a substantial reduction of function could be expected if the yellow 
pigment were a slag product due to the importance of the nucleic acids 
for the neuronal function. The reduction in motor function accompanying 
increasing age is not, however, proportional to the considerable chemical 
reconstruction of the nerve cell. The experiments reported thus are 
against the interpretation of the yellow pigment as a slag product. 

From a general biological point of view it can be said that following 
the embryological period of growth and differentiation there occurs a 
further chemical differentiation of the nerve cell under the adult stage, 
apparently with maintained function. 

Summary.—The yellow pigment lipofuscin, that is present in human 
nerve cells and increases in quantity with increasing age, is studied with 
ultra-violet. X-ray and fluorescence microspectrography, digestion with 
ribonuclcaso and micro-incineration. Absorption maxima are found at 
2600 A and 2800 A indicating the presence of organic nitrogenous bases 
and protein substances. The strongly absorbing substance at 2600 A 
cannot bo removed by ribonuclease. Another absorption maximum is 
found at 3750 A. Fluorescence bands are found between 4400 to 4600 A 
and between 5300 to 5600 A, The presence of flavins can be excluded. 
Data obtained indicate some possibility that the yellow substance belongs 
to pt(‘rins. 

'riic mass determinations by X-rays show that the areas in the nerve 
cells that contain the yellow pigment have around 50 % gieater quantity 
of dry substance than the areas containing pentose nucleoproteins. A 
partial chemical reconstruction of human nerve cells seems to take place 
with increasing age. The findings arc not in favour of the view that the 
yellow pigment is a slag product. 

The present investigation has been carried out with the aid of grants 
from Stiftclscn Therese and Johan Anderssons Minne and from the 
Swedish Medical Research Council. 

Department of Histology, Department for Cell Eeseo/rck, 

Medical School, Karolinska InsUtutet, 

Gotchorg C., Stockholm 60, 

Sweden* Sweden* 


Jacobson and Simpson, Biochem. 1946, 40,3. 



ULTRA-VIOLET MIGROSPEGTROGRAPHY OF 
LIVING TISSUE GULTURE GELLS 

PART I. RAOrATION MICASITRKMKNTS 


liY It. G. Daviks 
Received 2(ith July, 1950 

The factors which delot mine the nllra-violei dosage reroived by colls when 
they aie examined photoniierographically are disctissed. l£xperimcnlal deter¬ 
minations of the absolute sensitivity in the ultra-violet and visible spectrum 
of one 1dm suitable for photomicrography, Kodak Micrordo Panchromatic 
35 mm., arc describ<‘(l. Tlic transmissions in this wavtdongth range oi selected 
objectives are also mofasured. The dosage required ior photomu lography is 
calculated from these data and also measured diieetly by a suitable Iheimopile. 
This dosage is compared with published data on the ettects of ullia-violet ladi- 
ation on chick fibioblasts in tissue culture. It is concluded that under the 
conditions described, only one or two ])hotograpbs at 265 lU/i of cluck libroblasts 
can be taken with no radiation effect, and that microspectrogra])hir studies at 
a series of wavelengtlis should be carried out in as short a time as possible, since 
the dosage rcquircfl will eventually produce cell damage. 


Ultra-violet microscopy has been used cxlcmsivcly as a tool for cyto- 
chemical analysis.^ The application of these methods to living colls is of 
especial interest, since artefacts due to the fixat ion process arc then avoided. 
Furthermore, it would scorn to present the possibility of studying the 
various stages in the metabolic activity of a single coll. However, it is 
well known that ultra-violet radiation damages living cells. This subject 
has been extensively reviewed.® The experiments dcscrilied below wore 
designed to investigate some of the factors which determine the ultra¬ 
violet dosage received by cells when they are examined by photomicro¬ 
graphy. Those factors are: 

fij film properties, 

(ii) the absorjition in any stage after the specimen, 

(iii) the optical demsity of the specimen, 

(iv) the amount of information which is obtaim^d from the sp(‘cimen. 

In order to keep the dos<5 at a minhniim it is obvious that llie cells sJiould 
not be irradiated during focusing. This presents no difTiculty witli achro¬ 
matic objectives, but with monochromats special methods have been <lt‘- 
visod,*» ** 

Serial photomicrographic study of cells is conveniently mad<* by use 
of film. The choice of the best film can l>e approximately made from the 
data of Fraser,* who has measured the relative .speeds and grainincss of a 
number of films at a wavelexxgth of 265 m^t. He has taken as an iixdox of 
quality of an emulsion, the quantity S/G,® where S and G are the speed 
and grain size respectively relative to Kodak B. 20 Process Regular Plate. 
As is pointed out, the factor G is only an approximate index of film resolv¬ 
ing power. The latter also depends on the gamma of the emulsion, and 

^ Caspersson, Symp, Soc. ExpU Biol, 1947, i, 127, 

* Giese, Quart, Rev, Biol,, 1947, 22, 253. 

* Bamaid and ‘Welch, J, Roy, Micro, Soc, A, 1936, 56, 363. 

* Wyckoff, Ebelung and ter Louw, J, Morph,, 1932, 53, 189. 

* Davies and Wilkins, J, Roy, Micro, Soc., 1930 (in press). 

* Fraser, /. Sci, Instr,, 1950, 27, 106. 
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will increase with it. The eflect of the other factor, turbidity of emulsion, 
on resolving power is unimportant under the conditions of use since high 
film densities and consequent spread of image are not necessary in the 
])hotogra])hy of li\ing colls, which usually have a small density range. 
'J'ho sp<‘ecl S was measured by taking the exposure required to produce a 
density of 0-3 above fog, and comparing it with the standard IB. 20 plate, 
h'urthermore, at densities much in excess of 0*3, the high gamma films 
will show an incroavSed relative sensitivity. It has been found that in 
order to obtain s<itisfnctory photographs of living colls, films with high 
gammas should bo used, and thoir use also increases the accuracy of sub¬ 
sequent microphotonietry. TJie data* show that of the high gamma 
films Kodak Recording film 1372 (35 mm.) and Microfile Panchromatic 
(35 mm.) have about the same index of quality. The former has the 
higher gamma, about i*8 under the conditions of measurement. Since 
data are not available for the absolute speeds ol these films throughout 
the ultra-violet range of wavelengths, a series of measurements made on 
one of them (Kodak Microfile Panchromatic) is described below. Pre¬ 
liminary measurements of the radiation dose in photomicrography were 
made by the writer and Dr. R. C. Mellors independently, and the writer 
was glad to have the (Opportunity of discussing these results with him. 
Since then, the more tliorough investigation has been made as described 
here, and by Mellors et 

Experimental 

The experiments were made with an ultra-violet microspectrographic ap¬ 
paratus described elsewhere.* It employed an automatic focusing mono¬ 
chromator in front of the microscope, A Thermal Sjmdicate 125-W medium 
pressure mercury arc was used as source. This arc is stabilized in position by 
two constrictions in the quartz envelope. The output was constant to a few 
per cent during the period of the experiment. 

Film Measurements.—^The film Kodak Microfile Pan. was exposed to a 
gradcjd scries of exposures at monochromatic wavelengths throughout the 
ultra-violet and visible spectrum. The output slit of the monochromator was 
imaged on to the film using a single quartz lens, and the camera moved to the 
position of correct focus. The energy was measured with a photocell (Cinema 
Television, Type QVA 38) which was calibrated at each wavelength against 
a calibrated thermopile (Hilger multi-junction thermopile). When used with 
a galvanometer with sensitivity 2600 mm./fiA the deflection with light inten¬ 
sities small enough to blacken the film in easily measurable times, was not of 
sufficient magnitude for measurement to an accuracy of i %. The following 
procedure was therefore adopted. With light intensities which could be 
measured to the required accuracy, a series of filters calibrated at each wave¬ 
length in the spectrum were interposed in the beam prior to exposure of the 
film. h’'iltcrs used in the ultra-violet were cellophane and partially aluminized 
(juartz plates. I^'ilm densities wore measured on a Hilger non-recording micro- 
pliotometer. Processing was carried out in Kodak developer (formula D 19b) 
for /\ min. at 20® C. 

Objective Transmission,—^Thc simple method of measuring the ratio of 
the energy leaving the condenser to that leaving the objective did not yield 
consistent results. This was due to difficulties in measuring the highly divergent 
beam from the condenser. The following method was employed. Three ob¬ 
jectives were used as objective and condenser alternately, and the total trans¬ 
mission of three combinations measured. The entrance and exit beams were 
approximately parallel and their apertures were controlled by suitably placed 
stops, so that they each fell on the same area of the photocathode. This latter 
condition is necessary since, as is well known, the sensitivity varies over the 
photosensitive surface. The values of the transmissions were cal¬ 

culated from the measured values of the products TiTg, TaTg, r^T*. A photo¬ 
cell was used in the visible and a photomultiplier (R.C.A. 931-A) in combin¬ 
ation with a tungstate fluorescent screen in the ultra-violet. 

It is convenient in biological experiments to measure directly the energy 

’ Mellons, Berger and Sireim, Science, 1950, III, 627. 

* Wfilkor and Pavies (Part II), this Discussion, 
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Incident on the plane of the specimen. Measurements were made in this ]dane 
using a small thermopile (in air) of area 2*o x o*.j mm.®, sensitivity 0*07 /^AZ/tW 
(calibrated by an independent source from the calibrated thennojule ustnl above), 
and resistance 12 ohms, with a Cambridge g«ilvanomcter (resistant e 2t) olims 
sensitivity 140 mm./fiA). The intensities in the nUra-viol<*t vtue such that the 
tletlections were small, and a telescope was used in recoiding thtmi. 

Results 

h'ig. I shows the sensitivity data for the ])!ioto<ell ('I'vpe (,)VA .^S) with a 
caesium-antimony cathode. This surface has a much higluT (piantum (‘IlK'it'ncv 



Fig. 1. —Calibration curve for Cinema Television photocell type y VA 38. 



Fig. 2.—Characteristic curves for Kodak Microfilo Panchromatic 35 nim. 
developed in D xgb for 4 min, at 20® C, 

than any other photocathode. The characteristic curves for Kodak Microfilo 
Pan. (developed as above) are shown in Fig, 2, From them the information 
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on film speed and gamma is obtained. Film speed can be variously defined, 
but it has been taken here as the energy in erg cm.-® to produce a film density 
O'O above background. Fig. 3 shows how the speed varies with wavelength. 
The sen.sitivity is a maximum at about 325 mja. Fig. ^ shows that the gamma 



Fro. 3.—l^'ilm speed for Kodak Microfile: defined as the energy in erg cm.-* 
to produce a density o-6 above fog. 



Fig. 4.—^Variation of gamma with wavelength for Kodak Microfile Pan. 

(the slope of the straight part of the characteristic curve and a measure of film 
contrast) decreases at shorter wavelengths and is ap|>roximately constant in 
the region 3x3 mfjrn^o m/t. These latter results agree with those made on plates 
by Amstein.® The measured transmission data for two refracting and one 


» Amstein, Soc. Chem, Ind., 1944, 63,17a, 
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reflecting objective aie sJiown in i*ig. 5 (a, b, t). Tliese lesulls me a limctioii 
of the particular mcdni used in their construclum and aie cx])c<.lecl lo vaiy with 
objcctives.i^ It is concluded tli.d lellecting objectives ha\e tlie highest ti.uis- 
niissjou throughout the ultin-violct legion and aie theiefoie well suited for 
woik on living cells, wluMe the dosage must be ke])! at ,1 niimnuun. 

An indication of the eriois involved in the above iu<‘asiiieinen(s is obtauu'd 
by coinpaiing, at selected waveU‘nglhs, the doa* to iht‘ siieiiiiKMi plane int*asuied 



Fig. 5. Mcasiiic'd objective trans¬ 
mission : 

(a) Mouochiomai quait/ objt'ciive N.A, 
1*15 constructed by Messrs. R. I. 
Heck Idd. 

{h) J^ithiiim fluoride fused quaitz achro- 
inat d(‘sigiu‘d by R, J. Rracey 
(HSIKA), constiucU'd by R. J. 
Jknk; N.A. 

(r) Heflccling cibjecfive; N.A. 0*0. 
(‘oiidcHiser N.A. used thiougUout, 


with the small thermopile with the value calculated from the objective trans¬ 
mission and film sensitivity, using eqn. (i) given later. The agreement is to 
within dh 5 %. 


Discussion 

The above results can bo used to culcnilate the closngi* received by ccdls 
grown in tissue culture, CulUmss giowii in banging drop pr(‘p«iiati(>n in 
liquid media (exudate from cunbryo <‘xlnu;t and fowl plasma) piodiioe 
colls which grow in close c',ontju;l with the lo|) iiiiaitz (.oveislip. TIh‘s<‘ 
colls are well suited for photomicrographic .study, since* th<‘y grow in tJiin 
sheets with a negligibhj amount of absorbing nu*(lia above t]i<*ni. 1'he 
thickness of liquid medium iu wJiich tlw*y grow ab.sorbs only about 50 % 
of tlio radiation at 2O5 m^t. 

When the optimum film and objective have Ihh'U clioseii the otluT 
factors affecting the dosage to the cells arc tlu* optical dc'iisity of the cell 
and the amount of information which is re<]uirt»d. lluis, the ilonsity iu 
the photograpliic negative of the most absorbing coll component sliould 
lie just at the bottom of the straight part of the characteristic curve 
(Fig. 2). Any smaller film density will reduce contrast and render micro- 
photometry of this component less accurate. In the photography of 
resting chick fibroblasts the maximum optical density in the coll do(*R not 
exceed about 0*3,® and it is sufficient to use a photographic density of 
about 0*6, Also, as is well known, if no resolved microscopic structure is 
to be lost in the photograph the magnification on to the film must be 
chosen so that its resolving power, or ability to show fine detail, is adequate 

Seeds and Wilkins, Nature, 1949, 164, 248, 

Loofbourow, /, Oft Soc. Amer., 1950, 40, 317. 
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to show* this structure. Any greater magnification will involve an un¬ 
necessary irradiation of the specimen. It is clear that the maker's figures 
for the film rc'solving power, which are made under optimum conditions 
in visible light, will not apply in the ultra-violet where the gamma is con¬ 
siderably less. ]*'urthcrmore, the detail resolved by the film will depend 
on the conf rast in the subject. The proper magnification to be used should 
then'fon' Ixj d(‘termined experimentally in the usual manner by varying 
tile magnification on to the film and noting on suitable enlargements when 
the smallest stnuilun* is ju.st resolved by the film. The resolving power 
ol Kodak Microfile Ptui. has not been thoroughly investigated. In photo- 
gm])hy of chick libroblasts using Kodak Microfilc Pan. with the Bracey 
Achromat (N.A. 1*24) a magnification of approximately x 100 seems ade¬ 
quate to resolve the fine structure in the cell. With films of lower resol ving 



Fig. 6.—^Ultra-violet dosage per photograph with reflecting objective 
(N.A, i‘3) X 100 on to Kodak Microfile Pan. 35 mm. for density o-6. 

power corrc.spondingly increased values of magnification are required. 
With the Kodak Kecording film 1372 the increased magnification required 
is approximately balanced by the increased .speed,• with the same dose to 
the specimen. J however, with the latter film, as has been pointed out, 
there will be increased contrast in the negative. The limitations imposed 
by graiuiness, wliich produce noise in the microphotometric recordings of 
the smallest detail in the negative, requires further attention. It may 
well be that for accurate determinations of their density values magnifica¬ 
tions considerably in excess of the above will be required. With objectives 
of lower numerical aperture less detail is contained in the final image. 
The magnification on to the film can be correspondingly reduced. The 
dose is reduced as the square of the numerical aperture (N.A.). 

The ultra-violet radiation dose received by the cells for a photograph 
of density d at wavelength A is calculated from the formula 

Ex « m^Fx^Tx'^^ .(1) 

where Ex is the dose on the cells in erg cm.-* at wavelength A, m the mag¬ 
nification on to the film, Fx^ the film sensitivity in erg cm.-* for density 2, 
and Tx the objective transmission. The calculation is made for x 100 
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magnification on to Kodak Microfile Pan. at density o*6 using the data 
from Fig. 3 and the transmission data for a reflecting objective M.A. 1*3 “ 
(calculated from Fig. 5(^)) with an extra 4 % loss at the amici compojicnt : 
there is no loss at the cover slip due to reflection), 'rho Results (Fig. (>) 
are likely, with the materials at present available, to approacli t he optimum 
conditions for tnaximuin information with ininimum dose. dose p<T 

ph(>t<.>graph increases with decreasing wavelength due to lower film 
sensitivity and objective transmission. 

TJio data of F'ig. (> are now compared wilh th<‘ results of Mayt‘r iuul 
ScliroilxT who have investigated the elU'cts of ultra-violet railiation at 
selected wavelengths throughout tlie ultra-viohM s]xsctriuu oa entin? 
tissue cultures of chick librohhists. They used, as an indication of damage, 
the rate of growtli its sJiown by area measurements. It has Ixjeu ]>ointecl 

out ’ tJiat the plasma om bryo- 
oxtract medium iu which the 
cultures were grown will exert a 
protective effect on the cells. 
I lowever, under the cc»nditions of 
irradiation, the cells, in particular 
the main layisr, are only partly 
protected by that oa])illjiry layer 
of the medium which lies Ixstwecn 
them and the covorslip through 
which the radiation passes. This 
laycT is sintdl since chick fibro¬ 
blasts (but not mammalian fibro¬ 
blasts) liepu fy the jdasma-medium 
and will tend to grow near the 
covorslip for support. 'Urns it is 
unlikely that the results of Mayer 
and Schreiber are in stjrious error 
from this cause. Fig. 7 is obtained 
by dividing the dose per photo¬ 
graph (Fig. 6) into the radiation 
dose for cell injury as a function 
of wavelength obtained from the 
m m/j- data summarised by Mayer. 

5 C^ 320 Curve (a) shows the number of 

Fio. 7.--Graph stowing number o£ photographs that may ho taken 
photographs after which most sensitive most sonsilivti colls without 

cells are not injured (a) and after which injury and curve (b) the numb<ir 
most resistant cells arc injuml (6). of photograjdis iiiter whi<di <‘veJi 

the inost n?sistant c(ills will bo 
affected. The area Ixitwcen the two curvas indicates tlie sprcjul of 
sensitivity between cell cultures. This coinpairhson assum<js that a given 
dose will affect a group of cells photographed in any cultuR% in fhe 
same way as the cquivalont doso given to the culture as a whole. 
Furthermore, the spread indicated by the area may be slightly greater 
under thej present conditions due, for example, to the most sensitive 
cultures containing a group of particularly sensitive cells whidi, if damaged, 
would not show any affect on the growth rate of the culture as a whole. 
It is concluded that at 265 m/i only one or two pictures, under conditions 
that approach the optimum, may be taken of these particular cells, chick 
fibroblasts, witihout any d^age to the cells. At shorter wavelengths 
even one j^otograph may have an ultimate effect. The effects observed 
will vary from a decreased growth rate to complete cell inhibition. Thus 
a complete microspectrograptdc analysis in the ultra-violet at a scries of 

^ Korxis, this Discussion. 

Mayer and Schreiber, Protoplasma, I934> 34* 

Mayer, Tabulae Bioh, 1939, *9» »43- 
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wavelengths under these conditions cannot be performed photographically 
without eventual damage to the cell. It is important that such an analysis ® 
is carried out quickly before the radiation damage has time to develop. 
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W. C. Price and the quartz monochromat was kindly loaned by Mr. R. J. 
Braccy. 

Medical Research Council Biophysics Unit, 

King*s College, 

Strand, London, W.C,2. 


ULTRA-VIOLET ABSORPTION SPECTRA 
OF STRUCTURES IN SURVIVING CELLS 


By Barry Commoner 
Received July, 1950 

The experimental and interpretive procedures necessary to obtain ultra¬ 
violet absorption spectra of structures in intact living cells are describecL A 
simplified microspectrophotometer suitable for such studies has been con¬ 
structed. It permits viewing of the object under visible light and yields ab¬ 
sorption measurements with only a lo-sec. exposure to u.-v. Examples of u.-v. 
absorption spectra of surviving colls are presented. Because intact colls in¬ 
variably present lieterogencous cross-sections to any given optical path, the 
u.-v. absorbing material is not necessarily uniformly distributed throughout 
the length of tliis path. Consequently, the position and height of the absvnrption 
maxima obtained from measurements at a single point in an intact cell can be 
assigned neither to a given structure nor to a specific substance, l^roccdures 
which dctenninc the separate absorption spectra of various structures occurring 
in a light path through cells such as those of plant epidermal hairs are described. 
These are applied to the case of Coleus hair cells, and it is shown tliat the separate 
absorption spectrum of the vacuole contents, and of the thin protoplast layer 
can be derived from two absorption spectra taken at points of different thick¬ 
ness, or at different stages of partial plasmolysis. The .spectra calculated by 
this procedure agree with the known composition of the vacuole, and with 
information concerning tlic absorbing materials likely to be present in the proto¬ 
plast. By this method it is possible to obtain the actual absorption spectrum 
of tlie nucleus of an intact cell. To do this three absorption spectra must be 
measured. The absorption spectrum of a living tobacco hair cell nucleus 
obtained in this way is presented. Empliasis is placed on the fact that a single 
abvSorption spectrum through one point in an mtact cell cannot be projxjrly 
interpreted, and certainly should not be assigned to a given structure (suclx as 
the nucleus) which is included in the path. If the above considci aliens are 
kept in mind it is possible to select cells whose characteristics permit the deter¬ 
mination of the actual absorption spectra of living cell structures. 


Altliough ultra-violet absorption spectrometry has been most exten¬ 
sively applied to the problems of cytology, it also provides a valuable means 
of studying the ph^iological activity of single cells. It is apparent that 
data of unique significance might be obtained by determining at intervals 

P 
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the ultra-violet ahsor])tioii s]Krtrn of ind!\idtial tells uJidei‘^<)in'» \ariotis 
types of activity. To thiseiul, il has bet'ii our ]uir|>os<‘ to de\(*lop <‘\pen 
mental and aual5dical ])rooediir('s suitable loi the d(‘teiininati»)n and inlei 
pretation of ul(ra-\iolet e\tin< lion> of single snrM\mg c<*lls, 

Thisaim imposes a si ru'sol reipun minis on the nudluxl: (i) Absorption 
siw'otramusl be obtained with an ini idimt lu’ht iniensit\ below tin* killing; 
tliresJiold. (2) 'Phi* s]H‘i'lral band width ol (he iia iilenl li-'ht must be 
sidficienl to n^solve absoiption baiub emonnteiisl in \«in(uis mllaeellular 
components, i.e. a inaximum ol alMuil /•*> ni/i, {^) Snueinanv mtiaiadlnlar 
structures are freipiimtlv* in motion in h\um cells, the exposuies ri*<|mied 
for absorption measurements must he ol the oiilm* ol sitouiIs, anil means 
must be provided for rapid visuah/ation ol the ])osi(ion ol th<‘ object. 

The ap])lication of ultra-violet spei tromidry to sinj^le survixiiu' cells 
also raises a luunber of analytical ami interpretive ])rol)lems : (i) Since 
intact colls almost ahv'ti^'^i pri'sent heierogeiu'ous la'oss s<*cl ions to any given 
optical })ath, wiys ni'cd to be found to assess th<‘ relative and absolute 
contributions of the dilleriMit iiitiaeelliilar structun*s or regions which 
fall in the liglil path to the total ahhorfition det<‘rniiiied by mis'isuremimt. 
(2) The validity of the so-called absorption laws must be as(‘ertain(‘d for 
intracollnlnr conditions, Photochemical alterations in the composition 
of the coll during exposuri* to ultra-violet light must bi* guarded against 
or at least detected. 

The pre.sent ])aper d(‘sc.rib<‘s an etforl to provide jiraidiijal solutions to 
at least part of ilii' problems eitixl nl>ove, and thi' ap])lication of thesi* 
methods to the optical analysis of certain living plant cells. 


Experimental and Results 

The Apparatus. A new simplified niii lospectiophotometer, lor the range 
240-700 m/A which meets the al)ove criteria has been eoiistrncted. It is based 
on an instnwnent di'scribecl previously,^ and dilfiu's Iroin the laitiT in the. following 
particulars. 

light .source now used us a w'ater-coolcd high-pressure tooo-W mercury 
capillary lamp (General lUeetric 'ryp<‘ Alh)). The lamp transformer is supplied 
by a voltage stabihzci ; light output is constant to about 0*2 %. A ipiartz 
condensing lexi-s throws an image ol the lamp on the entrance slit of the mono¬ 
chromator (Heckman, model DUU); the emerging beam is diiecled into an 
upright microscope by a front-surlace aluminized miiror. 

An auxiliary light source is provided. This is an ordinary mieroscope lam]> 
with a green filter, lociiseil on a second .p)' inuror ]»l,u'ed just above the inirroi 
rellecting the luonochromator beam. In this position the auxiliary light minor 
blocks the monochromatic beam and illunuualei> the niieioscopt* with gioeii 
light. Alternatively this mirror may be <iefieel<»<l (magneliially), Ihi'reby 
allowing the monoehromutie beam to enter the systiun. 

The miemseope ojdicH consist ol a quailz eomlenser (('onke, NA 
Grey rellecting objective (Hausih and bomb, and a . 10 quailz orular, 

M in tiui instnunent previously described, a sid’e'iK'iilar is proviiUxl for direct 
observation of the object. The prism of this ocular may be deilected in¬ 
stantaneously, allowing the image ol the object to fall on the photomultiplier 
tube, Since the Grey objective is essentially achromatic, it may bo brouglit 
into focus for all wavelengths (including the ultra-violet) by focusing the object 
visually through the .side ocular. Hence, all adjustments are made with the 
ultra-violet beam blocked, and oxjiosure of the object tlu'reby kept to a minimum. 

The apparatus includes a combined signal detector and regulat<‘d voltage 
supply (d^gned by Mr. J. Townsend). The detector resjiouds to an a.c. 
photomultipUer output obtained by placing a rotor in the exit beam of the 
mojaochromator. The detector responds selectively to live frertuency with 
which the monochromator beam is cliop})ed, and is relatively insensitive to 
all other signals^ emitted by the photomultiplier. This arrangement serves to 
^scriminate against thermal noise and against stray light such ais rellection from 
the cover glass. As a result, it is not necessary to provide a dax*k room for the 

* Commoner, Ann. Mo. Bot. Card., 1948, 35, 230. 

* Stopped down to !N.A, of objective (0-72). 
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instnimont. The time-constant of the detector circuit is such as to give an 
accurate scale reading within a maximum of ro see., thus allowing for relatively 
rapid determination of absor]Hion values. 

Signals arc read on a microammeter wuth a t>" scale divided in one-hundredths 
jt the monochromator slit widths required to give full-scale dellection 

with the instrurncnt scanning an object circle 5*0 p, in diameter. It is apparent 
that at almost all wavelengths band half-wwlths of loss than 2*5 mu can be em¬ 
ployed, thereby ottering satisfactorj' spectral resolving power. 

In summary it can Ix' state<l that the instrument meets the criteria of spectral 
resolving power and speed of measurement cited previously. That it also meets 
the requirement of yielding entire ultra-violet absorption spectra without killing 
cells can be seen from the data which loUow. 

Absorption Spe^ra of Surviving Cells.—Ultra-violet absorption spectra 
01 areas in various living cells obtained wdth the above instrument are shown 
1 ^il ^ cases the area scanned was a circle 5*0 p in diameter, 

and the slit widths used are those given in Table I. The objects were exposed 
to the radiation for ^-15 sec. at each absorption measurement. For each cell 
objective evidence of survival was obtained. 

J the absorption spectrum of the cytoplasm ol a living VoYticella. 
The readings were made while the organism maintained a steady position at the 

TABLE 1.—Slit Widths Required for Full-scale Deflection; 

Area Scanned : 5 p diam. Circle 


Wavelength 

ni^ 

Sht Width for Ifull- 
Soale Deflection 
inm. 

H.ind Width 

mft 

700'] 



to > 

Less than o^io 

Less than 0*6 




290 

0*17 

0*6 

280 

0»20 

0-6 

270 

0*30 

0*9 

200 

1*00 

2*5 

25*1 

0*84 

1*5 

250 

0*66 

1-5 

24.*) 

I’25 

2*5 

240 

x*50 

2-9 


end of its extended stalk. The oral cilia continued to beat during the entire 
course of the determination, and the stalk responded to stimulation by coiling. 
The cell was observed for several hours after the spectrum was determined and 
showed no signs of diminished activity. In general, the sticctnim appears to 
be that characteristic of nucleoprotcin. 

I^ig. 2 shows the absorption spectra of a region in the cytoplasm of a living 
Uuglena, and through a neighbouring optical section which included the nucleus. 
The cell was somewhat immobilized by allowing the cover glass to compress it. 
During the measurements, the organi.sm showed the characteristic flowing 
“ euglenoid ” motion but made only slight changes in position on the slide. 
Subsequent to the completion of the spectrum the cell was restored to full 
mobility by releasing the cover ghuss comjircssion. The cytoplasm spectrum 
is similar to that for Voriicclla, except that a significant absorption occurs at 
300-310 mp. This is probably due to the presence of plastid pigments. The 
interpretation of the spectrum taken through the section including the nucleus 
is complicated by factors which will bo discussed below. 

Fi§. 3 represents two absorption spectra taken through an optical section 
of a living Tradescaniia stamcnal hair cell including the nucleus, and a third 
through a neighbouring cytoplasmic region. The cell was taken from an un¬ 
opened flower bud and had not yet developed its characteristic anthocyanin 
pigment. Cyclosis is very easily observed in this type of coll, and it continued 
actively during the measurements which provided the spectra shown. The 
nucleus exhibited its normal slow movement in the protoplasmic stream during 
that time. The hair was mounted under a quartz cover glass in aerated dis¬ 
tilled water which was continuously replenished during the observations. After 
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the first absorption spectra (of the nuclear and cytoplasmic areas) were obtained, 
the slide was kept in a moist chamber for seven hours, at which time the cell 
was again brought into focus and the second spectrum through the nucleus 
obtained. Thus, the nucleus survived two ultra-violet absori^tion spectra 
7 hr. apart. The two spectra are not significantly ditferent, suggesting lliat 
the ultra-violet exposure did not alter the opticid prop(*rtios of the material. 
The spectra seem to show the typical presence of nuclooprotein. However, 
since in addition to the nucleus, these spectra also n^pn'st'nt a section of the 
cell vacuole, the protoidast and wall, they must be intori>reted according to the 
procednn^ describcHl below. 

Absorption spcvlra obtained from a iiioie fully ditleicntiated Tradescafttia 
slamenal hair cidl are shown in Fig. 4. This cell containcxl anthocyanin, an<l 
as can be seen from the spectrum taken through a cytoplasmic area, it also con¬ 
tained material absorbing in the region 300-350 m/ti. The latter probably 




Fig. I.— -The absorption spectrum of Fig. 2.—Absorption spectra of cytoplasmic 
an area in the cytoplasm of a living area (solid line) and an optical section in- 
Vorticeila, Cell dimensions: cylinder, eluding the nucleus (broken line) in a living 
45/4 long, 22 diameter. Thickness JCnglena. Coll dimensions; ajiproximately 
of epical section scanned : 22 ft, spherical, diameter 36 f*. Nucleus: sphere, 
Area scanned ; circle, diameter 5 diameter 8 Thictaiess of optical sections 

scanned: 36 ft. Area scanned: circle, 
diameter 5 ft. 

represents flavanoid compounds which are synthesized along with anthocyanin 
as the cell matures. It will be noted that this absorption does not occur in the 
less mature cdl described in Fig. 3. The absorption spectrum taken through 
the nucleus shows a characteristic maximum in the region 260-280 mfu Since 
the optical section including the nudeus contains a coircspondingly reduced 
deyth of vacuole fluid, the absorption apparently due to vacuole pigments is 
reduced as compared with that given by a neighbouring region not contaioang 
the nudeus. This cell exhibited active streammg during and after the measure¬ 
ments. 

Fig. 5 shows absorption spectra taken through an optical section of a Nico* 
Hwm tabacwm trichome induding the nudeus and a neighbonring cytoplasmic 
region. That cell survived the measurements was determined from the 
that cydos^ persisted* The cell was maintained in a fliufi of aerated dis¬ 
tilled water. Since the optical path also induded part of the vacuole, the cell 
wall and protoplast, the absorption spectrum is not that of the nudeus itself 
and must be interpreted accordingly (see bdow). 
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The data show clearly that it is possible, by means of our instrument, to 
obtain detailed ultra-violet absorption spectra of surviving cells of certain 


Fig. 3. —Absorption spectra of a 
living Tradescantia siamenal hair 
cell (non-pigmented). Lowermost 
curve: c^oplasmic area. Solid 
line: optical section including the 
nucleus. Broken line: second 
spectrum of nuclear area taken 
7 hr. after the first. Cell di¬ 
mensions : roughly spherical, dia¬ 
meter 40 ft. Nucleus : sphere, 
diameter z6 ft. Thickness of opti¬ 
cal section scazmed ; 40 y.. Area 
scanned ; circle, diameter 5 /i. 



types. It is notable that the nucleus may be exposed to sufficient irradiation 
to provide an absorption spectrum without killing the cell. The speed with 
which the individual measurements are made enables determination of the 



Fig, 4. —Absorption spectra 
of a living Tradescantia 
stamonal hair cell (pig¬ 
mented Solid line; optical 
section including the nucleus. 
Broken line : cytoplasmic 
area. Cell dimensions: 
cylinder, 350 y long, dia¬ 
meter 60 ft. Nucleus: 
sphere, diameter 18 ft. Thick¬ 
ness of optical section 
scanned: 60 y. Area scanne^i: 
circle, diameter 5 ft. 


absorption of objects (such as a compressed EugUna or a Tradescantia nucleus) 
in relatively slow motion. Thus, it is apparent that at least for the cells thus 
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far studied, the instrument meets the criteria o£ providing ultra-violet absorp¬ 
tion spectra without inducing the immediate death of tlic cell and of coping 
with normal rales of movement of the object. 



l^'iG. 5,—Absorption spectra of n living tobacco hair cell. I-owcr curve: 
cytoplasmic area. tJpper curve : optical section including the nucleus. Cell 
dimensions ; truncated cone, 190 p, long, end diameters 48 and 65 p. Nucleus : 
approximately spherical, diameter 13 p. Thickness of optical 'section : 58 p 
(lower curve) and 52 p (upper curve). Area scanned : circle, diameter 5 p. 

The Analysis and Interpretion of Absorption Spectra of Intact Cells.— 

As previously indicated, the application of microspcctrometry to intact living 
cells raises certain new analytical problems. Xt is the aim of such measure¬ 
ments to ascertain the intracclluhvr content of substances which can be identified 
with given absorption maxima. To do this, it is necessary (i) to detect these 
maxima in the ceirs absorjition bpectrum and (2) to determine to what extent 
the Beer-Laiiibort laws hold in intracellular conditions. 

Because of the structural heterogeneity of intact cells, such determinations 
are somewhat more complicated than the corresponding calibrations of solutions 
contained in the chemist.s' standard absori)tion ve.ssels. In the latter rase, the 
optical density of the object i.s a function of the thickncs.s and concentration of 
a single absorbing clement, the sohition. While it is perhaps possible to isolate 
by appropriate sectioning a fragment of a fixed cell in which a given optical 
section contains but one light-absorbing element (c.g, the nucleus), this cannot 
bo done with intact living cells. ('onso<iuently, the optical density of any given 
light path througl) an intac’t cell represfmts the adtlitive absorption of several 
structures each characterized by a distinctive absorption spectrum. 

Hence, without atlditional information it is not possible cpiantitativcly to 
interpret the absorption spectrum of a given area of a coll, and indeed, as will 
be shown below, even the position of the maxima may be misleading. By the 
introduction of appropriate additional measurements, however, one can deter¬ 
mine the specific absorption spectra of certain structures ol intact living cells, 
ascertain to what degree they follow the so-called laws of absorption, and thereby 
arrive at estimations of the concentration of substances responsible for given 
absorption maxima. 

The necessary procedures for this type of analysis may be derived from the 
following: 

Ckjnsidcr a cell of the type shown in Fig. 0 (such as a mature plant cell). 
JLet points l and 2 represent optical paths through two regions in the cyto¬ 
plasm and point 3 an optical section including the nucleus. Ax points i and 2 
the optical density D will represent the sum of the absorption duo to the vacuole 
B* and that due to the wall and protoplast layer jD*». Thus 

•^>1* 4- and -1- 
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11 the absorption duo to the vacuole follows the Beer-1 .ambert laws, is pro¬ 
portional to vacuole thickness d, and 

^ djd,. 

If we assume that the composition and thickness of the protoplast layer and 
w,i]l arc constant and that the concentration of vacuole solute is con^stant, 
tlicse rclalionsliiprt jifive the tspiation : 


Since /), and are m<*asurcd and and d.^ can also be obtained, the partial 
alisorption due to the vacuole can be calculated. The partial absorption due 
to the non-variant structures can be obtained by dilference from the observed 
value i)j. 

In a similar way it is possible to determine i)® and from measurements of 
the optical density of a cell biought to two diilcrcnt vacuole volumes (by 
plasmolysjs), thereby achieving a corresponding known diflcrenco in concentra¬ 
tion ot vacuole solutes. If I'j and V, are these two volumes, then, for equal 
values oi d, 



Since Vi and can be obtained from micromotor measurements, Dj® (and by 
dilference, D*) can be calculated. 

These e<piat ions show tliat it should be possible to derive the separate ab- 
sor|ition spectra of the i^rotoplast layer and of the vacuole from two absorption 


Ei( 3. <>.- -Diagram of mature plant cell 
showing three optical sections. The 
cell wall is represented by the outer 
solid lino. The protoplast layer is 
represented by the space between the 
wall and the dotted lino; the vacuole 
is the area enclosed by this line. The 
circle represents the nucleus. 


{ f 



spectra taken at different diameters of the cell, or at different vacuole volumes. 
If in addition to two such measurements, a third set is obtained through an area 
of the cell (such as point 3, Fig. 6) including the nucleus, the absorption spectrum 
of the latter may be obtained. This is accomplished by subtracting from the 
density at this point the calculated value of D*' and the optical density ot the 
(Iq)lli of the vacuole not occupic<i by the nucleus. The latter value can be 
obtained from micrometer measurements of the nucleus and vacuole diameters, 
and froni the value of D* per unit vacuole thickness determined as outlined 
jibove. 

Th(‘ cells found in the ej^iilcimal hairs of certain plants offer convenient 
test objects for tlu‘.se relationships. In plants such as Coleus and tobacco, 
these cells are usually regular truncated cones of circular cross-section. Thus, 
optical sccticms ol signiJicantly <hiferent and mcasureable thicknesses can be 
fouiul readily witliin the same cell. (These may also be obtained by reading 
different transects through the circular cross-section, but difficulties due to 
refraction arise.) 

Fig. 7 shows an analysis of the absorption spectrum of a single Coleits hair 
cell. Readings were taken in the range 250-625 m^x through tw'O diameters 
of the cell (32 and 44 m/x respectively) from which the separate absorption spectra 
of protoplast layer and vacuole were calculated. Protoplasmic streaming 
continued during the entire course of the measurements. 

The absorption spectrum of the vacuole (broken line, Fig. 7) corresponds 
quite well with the known composition of the vacuole fluid. It has been possible 
by chromatographic separation to isolate four anthocyanins and two flavanols 
from Coleus leaves. The former have an absorption maximum in the visible 
(5T0-540 m/i) and a band at 2C0-270 m/*. The flavanols also have two maxima 
(separated by a shallow miniimim) at 290-300 m^ and at 320-530 mjx. It has 





45<5 STRUCTURES IN SIJRVIVINC} CELLS 

been shown previously ^ that the absorption inaximum of Coleus hair cells at 
540-560 mjLt is due to anthocyanins; the peaks are somewhat shifted toward 
the longer wavelengths (as compared with extract solutions) by some type of 
intracellular complex formation. It can be seen from Fig. 7 that this maximum 
in the total absorption spectrum of the cell (uppermost curve) is due entirely 
to absorption occuning in the vacuole. On the other hand, the calculat(‘d 
absoq)tion of the protoplast layer is zero (within the experimental error) at all 
wavelengths above 400 ni/x, and this corresponds with the observation that 
these structures are colourless. It will also be noted that the calculated ab- 
soiption .spectrum of the vacuole shows the maxima expected from llavanols 
(500-530 mg) and the ii.-v. peak of the anthocyanins at 266-270 mg. 

TJwi calculated absorption spectrum of the protoplast layer (solid line, Fig. 7) 
shows a sharp maximum at 280 mg and a lower peak at 340 m/t. (The third 



Fig, 7. —^DiHorential analysis of the ab.sorplion spcctnxm of a living hair cell 
from a petiole of an anthocyanin-producing Coleus. Bata based on differences 
between two absorption spectra taken through cytoplasmic areas 32 and 44 g 
thick respectively. Upper curve ; ong^nal absori)tion spectrum of 44 /i section, 
lower dotted line : calculated absorption spectrum for the vacuole alone (44 g 
thick). Lower solid line: calculated absorption spectrum for the protoplast 
layer alone. Cell dimensions: truncated cone 140 g long, end diameters 48 
and 30 g. Area scanned : circle, diameter 5 g. 

maximum at 254 mg is based on but two points and needs to be confirmed.) 
That these maxima axe due entirely to the protoplast and not to the cell wall 
can be seen from the absorption spectrum of an empty ccU wall (Fig. 8] which 
shows essentially zero values at all wavelengths. The band at 280 mg may 
represent absorption due to aromatic amino acid residues in the protoplast 
protein, but it is possible that other substances also contribute, and further 
study is required. The maximum at 340 mg cannot at present be assigned to 
any substance, but it is of some speculative interest that it coincides with the 
absorption band of reduced nicotinamide co-enzymes. 

The results described in Fig. 7 are confirmed by a corresponding analysis 
of the absorption spectrum of a Coleus hair cdl based on comparison of the 
absorption spectrum of the living normal cell with that given by the same cell 
after reduction of vacuole volume (by plasmolysis). This cell was taken from 
an antfxocyanin-free strain of Coleus which produced a small amount of the 
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flavanols found in tli(‘ rod variety. The calculated absorjDtion spectra of proto¬ 
plast and vacuole (see Fig. 8, lower curves) show the expected maxima. While 
the vacuole contents arc rather dilute, the llavanol absoq)tion at 300-330 nin 
is detectable. As anticipated fiom the absence of anthocyanin, the band at 
2(16-270 m/A is absent. The calculated absorption spectrum of the protoplast 
is quite similar to that obtained from the rod Coleus hair cell; the extinctions 
at 280 m/4 correspond closely. The absorption of the empty wall of this cell 
(obtained by reading through the iiart of the pla-smolyzed cell devoid of vacuole) 
is essentially zero at all wavclengtlis. 

The data of h'ig. 7 and S provide evidence that the analytical methods dc- 
scribetl above do actually >ncld separate absorption spectra of the protoplast 
and ot the vacuole of intact living cells. Comparison of the calculated spectra 
with the original spi‘Ctrum of the cell shows that the absorption maxima of the 
separate structures may be obscured in the total spectrum. Thus, the absorption 
maximum of the protoplast at 340 m/4 does not appear in the original absorption 


Fig. B.—Differential analysis of the 
absorption spectrum of a living hair 
cell from a petiole of a colourless 
variety ot Coleus, Data based on 
ditieronccs between absorption spec¬ 
trum of a cytoplasmic area of the 
original cell (volume, 375,000 /4®) 
and the spectrum of the cell contents 
plasmolyzcd to a sphere with a 
volume of 65,200 /4*. Curve a : 
original absoqition spectrum of the 
cell. Curves: absoiptionspeotruiu 
of the empty cell wall alter plas- 
molysis. Curve c: calculated ab¬ 
sorption spectrum of the proto¬ 
plast layer alone. Curve d : 
calculated absorption spectrum of 
the vacuole alone. Original cell 
dimensions ; truncated cone, 70 /4 
long, end diameters 22 and 28 /z, 
Plasmolyzed cell contents : sphere, 
diameter 24 /4. Thickness of optical 
sections scanned ; 24 (i for both 
determinations. Area scanned; 
circle, diameter 5 /*. 



spectrum shown in Fig. 7 because of the masking effect of the large flavanol 
concentrafion of the vacuole. It is notable that the analysis based on diameter 
differences and that based on volume differences agree with each other and cor¬ 
respond with what is known about the composition of the vacuole fluid and of 
the protoplast. 

Since a given maximum shown by an absorption spectrum of an optical 
section through an intact cell may represent contributions from more than one 
c3rtological structure, such a band cannot be ascribed to a single substance. 
Where such complex absorption occurs, it is not possible to describe the relative 
concentration of a given substance by the value of the extinction of the entire 
cell. For example, in the Coletis cells described above, that part of the optical 
density (at a given wavelength) due to the vacuole will vary proportionally 
with the cell diameter and with the reciprocal of the vacuole volume. On the 
other hand, that fraction of any given optical density due to an invariant 
structure such as the protoplast layer will remain constant for all cell diameters, 
and for all concentrations of vacuole solute. Consequently, the results obtained 
from tests of tlie Beer-Lambort laws will depend tegely on the relative con¬ 
tributions made by each constituent to the density at the wavelength studied. 
This ojBEect is shown in the data of Fig. 9 and 10, which represent the optical 
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<lont>iiic& of a ('olciib cell obtained at vaiious cell cliaincicis, and tlie (‘xtiiictioiis 
lor various vacuole volumes (achieved by gradual ])lasmol>>.is o( the coll). 

At 540 111/4 the extinction due to the antliocyanins (liss<ilved in the \nruol<‘ 
follo'ws the 33oor-l.amhort laws closely, and th(‘ plots extiaiiolate to zeio ab- 
soiption at zero thickness and infinite dilution. Rxtiiiclions obtained at aHo mfi, 



b'lG. 9,—Optical density through various diametci's of a conical iiigmcntcd 
Coleus coll. Upper line: 280 ttifi. Lower line: 5^10 m/t, Ar<‘a scanned : 

circle, diameter 5 /*. 



Fig. 10.—Optical density of a 35 /* section of a pigmented Colevs cell in various 
degrees of plasmolysis. The abscissa represents the reciprocals of the volume 
of the cell contents. Upper line: 280 mjtt. Lower lino: 540 m/x. Area 
scanned ; circle, diameter 5 /t. 

due largely to protoplast absorption, fall on plots which extrapolate to signi¬ 
ficant intercepts, and the slopes correspond to the variations due to tlut part 
of the extinction arising from vacuole material. Thus, for substances such as 
anthocyanins and flavanols, which are present in the cell in the dissolved state, 
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Ihc absorption laws hold, and osfimation of concentration Ivoin (•\tinciion 
values IS po 5 >vSiblc. 

In order to ariivc at a means of int(‘ri)roting quantitatively the extinctions 
due to those parts of the cell wliich arc not in the liquid state (such as the 
nucleus and protoplast) the i elation between extinction and the number of 
molecules scanned miust be similaily determined. As has been jircvioiisly 
pointed out ® tJie structural anangement of the absorbing material in non- 
liquid parts of the cell may cause serious alterations in the proportionalities 
which arc antici]iated from the H(ier-Lambcrt laws. 

The methods described above can be used to obtain the separate absorption 
spectrum of the nucleus of an intact living cell. This is shown in Fig. ii. The 
cell is from a tobacco trichome, and the method used was that of diameter ditfer- 
enccs. The cell survived the entire procedure; streaming and nuclear move¬ 
ment were noticeable at all times. 



Fig. II. —Absorption spectrum of a living tobacco hair cell nucleus. Curve a : 
absorption spectrum of optical section including the nucleus, 20 /x thick. 
Curve B: absorption spectrum of cytoplasmic area 22 /n thick. Curve c : 
absorption spectrum of the nucleus alone calculated from curves a and B and 
from a third spectrum taken through a smaller diameter (14 fi) of the cell. 
Cell dimensions: truncated cone, 62 ^ long, end diameters 18 ami 25 (i. 
Nucleus : sphere, diameter 15 /x. Area scanned : circle, diameter 5 /x. 


The lowermost curve (b) is the absorption spectrum of an optical section 
through a part of the cell not including the nucleus, while the uppermost curve 
(a) is the absorption spectrum taken through a section centred on the nucleus. 
The centre curve (c) is the calculate<l absorption spectrum of the nucleus itself. 
The original spectrum taken through the scwtion which included the nucleus 
is largely due to the absorption of the nucleus proper, tlie cytoplasmic absorption 
being relatively small. However, the calculated spectrum does reveal a ddinite 
plateau in the region 280-285 (presumably representing aromatic amino acid 
residues of the protein) which is obscured in the original curve. In other re¬ 
spects the absorption spectrum of the living tobacco nucleus corresponds with 
previous curves obtained from fixed or otherwise killed nuclei of various types.^ 


® Commoner, Science, 1949, no, 31. 

® Danielli, Cold Spring Harbor Symp„ 1949, 14, 32. 
* Caspersson, Chromosoma, 1940, i, O05. 
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Discussion 

Recent studies have shown that the ultra-vioh't extinctions of living 
cells become significantly altered upon death.®* • Analysis <>1 this pheno¬ 
mena has Ix^en limited by the fact that it has hitherto been impossible to 
obtain comjilete ultrn-vi(jl(‘t absorjition without <‘X]>osing the cell to a 
lethal amount (»f irra<hation. The* results pr(^s(il^ed above show that the 
absorption sfieelraol 0 ('rtaiu surviving cells can Ik' measurod, and suggest 
new <)j)portiiiiiti<‘s for the study of changes in e\tincti<)a which occur on 
death. 

It should be ]>ointed out that certain of tli(' plant cells studied tlius 
far may be unusually ])rotect(*d again.st ultra-violet injury by the presence 
of absorbing materials in the vacuole fluid. On the other hand, tobacco 
hair cells, which frequently have high cytoplasmic transmissions, appear 
to be as resistant to irradiation as the pigmented cells of Coleus and 
Tradescantia, 

It is also apparent that these* cells have geometrical features which 
are unusually favourable for the determination of the absorption spectra 
of separate cell structures. It would be far more difiicult to obtain the 
thickness measurements n*<iuirt‘d for calculating the separate absorption 
spectrum of the nucleus of a living fibroblast (for example) than is the 
case in a tobacco hair cell. 

Such measurements arc, however, essential (or ascertaining the actual 
absorption spectra of the separate parts of living cells. Further investi¬ 
gations of this type may need to depend on the .selection of cells with 
dimensions suitable to the problem* 

The optical properties of mature plants cells probably represent a 
special relatively simple case of the effects of structural heterogeneity on 
absorption. Analyses of the absorption spectra of animal cells (or of 
undiflerentiated plant cells) corresponding to those described above might 
be considerably complicated by random changes in the intracellular 
distribution of ultra-violet-ab.sorbing particles such as mitochondria and 
granules. 

The present results suggest that an absorption spectrum based on 
measurements from a single optical section of a cell must be interpreted 
with caution. Ilowovcr, if the difficulties are recognized and material 
of appropriate characteristics selected for investigation, it docs seem 
possible to carry out ultra-violet absorption analyses of the separate parts 
of intact surviving cells. 

The Hevyy Shaw School of Botany, 

Washington University, 

St Louis, Mifisouri. 

»Larianov and Brumberg, Cowpt rend., U.S.S.R., 1946, N. 5 >., 54, 267. 

• Mcllors, Berger and Streim, Science, 1950, i r i, O27 



ULTRA-VIOLET MICROSPECTROGRAPHY OF 
LIVING TISSUE CULTURE CELLS 


PART II. MIGROSPEGTROGRAPHIG STUDIES OP LIVING CELLS 
AND ULTRAVIOLET-IRRADIATED GHIGK FIBROBLASTS 


By P. M. B. Walker and H. G. Davies 
Received 2bth July, 1950 

A photographic method of microspectrography applicable to living cells is 
described. Absorption spectra and the total amounts of absorbing substance 
in living chick fibroblast nuclei are measured. It is concluded that the nucleic 
acid of the living cell nucleus is in a condition in which it can absorb, and that 
the absorption spectra axe similar in form to those obtained by other workers 
on fixed material. The increase in absorption of chick fibroblast nuclei after 
irradiation with ultra-violet light at 265 m/t is a true increase in absorption and 
is accounted for by the decrease in projected nuclear area. The total amount 
of absorbing substance in the nucleus is actually found to decrease during irradi¬ 
ation. After certain assumptions have been made preliminary measurements 
of the total amount of desoxyribo-nucleic acid of individual fibroblast nuclei 
are obtained by the integration methods outlined. They are in approximate 
agreement with the results of other workers obtained by biochemical extraction. 


The application of the techniques of microspectrography to living cells 
makes it possible to obtain data which will indicate the nature of some 
cellular components in their natural state. Furthermore, microspectro¬ 
graphy may be linked with methods of obtaining a measure of the total 
amount of the absorbing substances in these components. 

Photographic methods of obtaining this information offer certain ad¬ 
vantages : ^ 

(i) It is possible to record all the information regarding both the 
opti<^ density and morphology of the specimen in one exposure at each 
wavelength. 

(ii) The photograph shows whether the si)ocimcn has been properly 
focused. 

(iii) Provided the exposure time is short, there is no difficulty in record¬ 
ing moving objects. 

However, it is generally agreed that the photographic method of 
measuring extinctions is less accurate than the photoelectric. But errors 
in the former method are themselves small compared with errors due to 
the geometry and the state of the object examined. 

There is, however, a problem basic to the use of biological material, 
which the photographic method may more easily overcome. It is difficult 
to measure the thickness of these specimens with the microscope, especially 
when they are in the living state. The information obtained by micro¬ 
spectrography cannot therefore be expressed as concentrations per unit 
volume. The photographic negative, recording both optical density and 
morphology, enables the total quantities of absorbing substances in certain 
cellular components to be measured by integration over the irregularly 

^Thorell, Studies on the fomiaiion oj cellular substances during blood cell 
production (Henry Kimpton, London, 1947), p. 29. 

4O1 



.\ G2 \ Av\m 'rissuK i'iilturk (Iolls 

absorbinj^ arons, I'his bt‘ diirinili with a purely ])Ii()tc>(‘lectric 

technique. 

'I'liis eonimunuMtion <l<‘S(Tibes tJie first stai^t's in the d<‘velopment of a 
j)hotogi‘aphie method of inierospe('trof»raphy, which has been applied to 
the study of nornuil and iilfia violet iiradiated fibroblast e<‘lls. 

Experimental 

Microspcctroj^raphic Apparatus. This .ippaiatus was ilesigned piiin.mly 
foi woik on livni «4 u‘lls ipown in tissue <uUuie. Its ]»aitieular featiues are: 

(a) 'rh«‘ ini<ios<ope is <mi< losed in a 1 In iinostaf u ally eontiolled hot-bo.\, 

(/>) Observation and foeiisinj^ of cells is by visible phase eontiast illumination. 

(<) fmme(Iial(*ly after fot using, pilotographs a( .select<‘d wavelengths in the 
iilirn-violel ran he taken. 

{(/) Provision is made for film calibration at each wavelength. 

The objective used is a mwv lithium fluoride fused quartz achromat (numerical 
aperture (N.A.) d<‘higned by H. J. Ihacey of tlie British Scientific 



A, Ultraviolet light sour<’e. H, Monochromator input slip and Kohler lens. 
C, I), Monoehromator prism and lens. K, Monochromator output slit and 
KOhler lens (u.-v. lit‘Id stop). h\ ITism. ( 1 , Movable mirror. If, Prism. 
J, Lons and visible Ihdd stop. K, Wratten filters 77A, 58. L, Phase-annulus 
and lens, M, Visible light source. N, ('ondonstT. (), Specimen plane. 
P, Objective, Auxiliary lens and phasis annulus. R, Movable mirror. 
S, Viewing eyepiece. T, <'ino camera. U, W, Prisms. V, f^us, X, JRliodium 

step wedge. 

Instruments Research As.sociati<m, and constructed by R. and J. heck. The 
focus varies by about i from 248 lu^ to 313 lUf*, amd by about 3 g from 313 ni/x 
to 546 TO/x. The objective was designed for use with an immersion fluid 60 % 
^ycerine, 40 % water. The diflOiculties of using such a medium due to changes 
in refractive index are well known, and these difliculties are enhanced at the 
temperature used (37® C). Nonane was found to have the correct optical pro¬ 
perties * in the wavden^ range used, and was therefore employed as the im¬ 
mersion fluid. Nonane is a pure hydrocarbon so that the rdractive index 
does not change during its slow evaporation. The condenser is a reflecting 
system * having N.A. o-C and 40 % contra! obstruction, h'ig. 1 shows the 

»Norris (unpublished). Seeds and Wilkins, Nature, i04<j, 164, 228. 
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optical pallis in the apparatus. Focusing is performed in visible phase contrast 
using an auxiliary lens* and phase plate Q which can be removed from the light 
path above tlie objective. The numerical aperture of the viewing system is 
0*85. The ni.iin purpose of the auxiliary lens is to correct for spherical aber¬ 
ration on the optic axis of the u.-v. achromatic objective, when used in green 
light. I'lie phase annulus alter imaging by lens J, condenser N and objective P 
is conjugate with the phase ring at Q. The visible light source M is a 250-W 
B.T.ll. <‘ompuct source inenuiry arc, from which the green line is isolated by 
\Vratt<‘ii filters 77 A and 58 (K), The ultra-violet light source A is a 125-W 
Tlitu'inal Syn<li('at(i mercury arc. Kdhler illumination is used in the ultra¬ 
violet. It should be noted that with Kbhler illumination even fields are ob¬ 
tained only after great care Jias been taken in optical alignment of the system 
and the first field Ituis (Ji) has been evenly illuminated. This latter requisite 
demands that there should be no obstruction to the equal emission of each point 
of the source in (wery direction. The prism F permits half the monochromator 
output slit to bo imaged on to a rhodium step wedge X (A. Hilger). After accur¬ 
ate focusing in phase-contrast illumination the mirrors G, R are moved with 
the compensating lens Q to positions (a'), and an ultra-violet photograph is taken 
with its accompanying wetlge shadow for calibration. The accurate centring 
and movement of the compensating lens and mirrors without vibration is 
acliievcd by a suitable mechanical system. A Littrow spectrograph has been 
converted so that it automatically aligns and focuses the spectral line on the 
output slit E, Stray light caused by reflection from the Littrow lens D is re¬ 
duced at the output slit by slightly tilling this lens, a procedure legitimate with 
the wide slits used. 

The following considerations decided the use of a rhodium step wedge as 
a met hod of film csdibration : 

(a) It is easily placed near the picture area inside the camera ; this avoids 
difficulties in imaging it on to the film ; 

{b) it can be calibrated at each wavelength using the Beckman spectro¬ 
photometer ; 

(c) it obviates the possibility of error due to the intermittency effect or 
reciprocity failure; 

{d) positioning near the picture area reduces errors due to uneven sensi¬ 
tivity and development along the length of the film. 

The camera T, is a 35 mm. cine-camera specially designed for time-lapse 
photography. 

Calibration.—A test object used for calibration was Cellophane sheets 
mounted in glycerine and water between quartz coverslips, together with the 



Fig. 2.—Calibration curves of Cellophane. O Beckman spectrophotometer, 
-j- Microspectrographic. 


corresponding blank. Each shde was separately photographed at a series of 
wavelengths, the external light beam used for wedge calibiation compensating 
for slight changes an lamp intensity. The two slides were also calibrated in 
the Bwskman spectrophotometer. Fig, 2 shows comparative absorption curves 
for one series of measurements. No teats have yet been made on artificial 

* Davies and Wilkins, /. Roy, Micro, Soc,, 1950 (in press). 
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bodies o£ known coiuposhion and absoiption whose size is near that lesolved 
by the inicioscopo. Howlvoi, absoiption tests on a tdm ol xsotiopic yeast 
nucleic acid coinpai.ible in aiea to the fibiobUst gave a <uive (Fig. 3) 

siinilcir in shape to that measuusl on solutions witli the I^ecknuni spectio- 
]iholoni<‘toi. 

Techniques.- Two te( IinupK *• have been us<‘d w itli thi-> app.iiatiis l^istly, 
seiial photogiaplis have been takc^n at one wavelengtli; tins has Ixni used to 
iiiveslig.ite liie thanges that ot tui in living tissue ( ultinc (ells <luiin|; in<idiation. 
Secondly, pliotogi-iplis have tak<‘n at (hll(‘i(‘nt wav(‘lenglhs, iioni whidi 

spectiogiaphie data ha\e been caleulated. 

Ill s«‘iial ]>hotogiaphs at one wavtlt‘ngih, th'(liu,d timing ciuiiits have 
b(‘en made wlm h lontiol the lollovving setpieiut' oi opeiaiious: (i) changing 
ovei fiom th<^ visible focusing light tiain to the ultia-vioUd photogiaphnig 
light tiaiii, (z) opening th<‘ shut lets befoie the specimen ami in th<‘ canmia, 
(3) closing the .sliutters and winding on the tilni aflcT the appiopiiate exposure, 
(i|) retutniiig the optical system to the viewing position. This sequence can 
be initiated at viuiable intervals. It is thus possible to lake sequences of 
jihotographs in the ultra-violet, focusing the inicioscope, if noct^ssary, between 



Fig. 3.—Calibration curve on uhomideK acid tilin. 

each iraine. This produces focused series of photogtaphs. With iilms and the 
Sillies on wliich measurenumts have bc'on made, tlu‘ time betwec'ii tlie .stall of 
succccssive exposmea has been i a ne'e., and an exposure suf(ui<‘nl to give a d<‘nsity 
of o*G on the film (Kodak Microdlc Pan. 35 mm.) has been u,secl. 

For microsiwctrography the following method is used. A cell is selcidcd, 
which has a suitable clear region of medium ai'ound it. This cell is tcK'used 
in green phase contrast illumination ; the moving oi)tical parts are then cliang(‘d 
over to the ultra-violet illuminating train, which has boon previously set to 
illuminate the field slit of the microscope at tlic wavelength of 312 m/x. A 
second timing mechanism now exposes the specimen and negative tor a periiHl 
appiopriate to the intensity of the spectral line used and to the film sensitivity. 
On completion the film winds on an<! the prism table rotatas and moves forward 
until the next selected spectral line is aligned with, and focused on, the field 
slit; a second exposure is now given corresponding to the new lini\ This 
cycle is repeated ton tim^ until the 248 m/* line is leachcd. As explaiiK'd above, 
the objective is not entirely achromatic; it is therefore necessary, by moving 
the microscope stage® to adjust the focus to predetermined positions over a 
range of about i fA during this procedure. On completion, the apparatus is 

« Martin and Johnson, J, Sd, Instr., 1930, 7, i. 
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returned to the visible focusing position and the focus checked. Exposing the 
ten negatives and moving the pnsm takes about 90 sec. 

Table I shows the doses incident upon the cell for each wavelength to give 
a film density of o-6 ; the output of the monochromator is monitored by a photo¬ 
cell. These values are higher than those given in Fig, 6 of Part I due to (i) the 
Hracey achromat having a low ultra-violet transmission, (li) an aluminized 
minor being used above the microscope, and (iii) the objective having been 
used at a magnification of x 114. 

The h<‘ating effects in the cell for one photograph at 265 m/* may be calculated, 
if it is assumed that the average cell thickness is 2 ju and the optical density 
0*15. The average temperature rise if no heat is lost during the exposure time 
IS 0*75® C. The temperature rise vari^ inversely as thickness, so tliat it will 
be still greater for the small absorbing bodies. No attempt is made here to 
distinguish between photochemical changes and those due to heating effects. 

TABLE I 


No. 

Wavelength (m^) 

Dose 10 * ergs/cm.® 

1 

312 

0-85 

2 

302 

I-O 

3 i 

297 

1*2 

4 

289 

1-25 

5 

280 

1*5 

6 

275 

1-6 

7 

270 

1-8 

8 

265 

2*1 

9 

253 

3-4 

10 

248 

5'4 


Microphotometry—^The measurement of total quantities of absorbing 
substances, by integration measurements over areas, requires a microphoto¬ 
meter which will rapidly and directly record photographic densities. An 
instrument incorporating the following features has been designed by one of us 
(P. M. B. W.). 

(i) The recordings are made by pen on graph paper. The trace plots photo¬ 
graphic density against linear displacement of the film. 

(ii) The paper table and film carriage are so coupled as to make possible the 
accurate location of the morphological features on the trace. This is 
achieved by viewing the screen on which the image is projected. 

The following method of recording densities is used. There arc two light 
beams from a common source, one of which passes through the film to be measured 
and the other tlirough a loganthraic density wedge. The two beams fall alter¬ 
nately on a photomultiplier. Any out-of-balancc signal is then fed after 
amplification into a servo-motor driving the wedge in such a direction as to 
balance the intensities of the two beams. The pen is coupled to this density 
wedge. 

The optical system allows a projected image (X 17) to fall on a screen in which 
a small circle limits the size of the spot recorded. A i mm. diameter circle has 
in general been used. This corresponds to a spot o*o6 mm, diameter on the 
film and 0*53 ft diameter on the biological specimen. The theoretical limit of 
resolution of the microscope optical system used at 265 m is about o*x6 ju. 
A smaller circle corresponding to this latter limit has also been used, but in this 
case irregularities in the grain clumping become noticeable in the trace, and it 
is difficult to deterxnine their levels. 

Evaluation of the traces are made in the following manner. Firstly, the 
morphological features (cell boundaries, nuclear membranes) are marked on 
the trace at the time of recording. Then the area under the microphotometer 
trace such as that shown in Fig. 4 for the nucleus, is obtained by a series of area 
measurements for each millimetre along the length of the trace. These readings 
can then be averaged to give the mean density for the area 0*53 fi wide, traced 
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by tlic macroplioionietcr spot across the structure. In integrating to give the 
total absorption of an aiea, parallel t races either spaced at i or 2 /x on the specimen 
have been used. From those values an average photographic density for lh<' 
whole nucleus may be obtained if it is assumed that there is no great change in 
density between the areas measured and the adjacent unmeasured areas. 
AlultipUcation of this avcrag<j density by the projected area of the structure' 
will give a measure of the amount of absorbing substance i>rcsent. 

\Vh('n‘ only comparisons of optical density in the cell are required, it is 
Icgitimatis to compare the photographic densities provided tliat their rang<‘ 
lies on the straight portiorx of the characteristic curve of the film. When 
optical densities are reciuired as in the calculation of absorption curves, tliey 
arc made conventionally as described below. The wedge shadows exposed by 
the side of each photogr<iph give traces from which the characteristic curve 
relating densily ot the film and the logarithm of the transmission of the rhodium 
wedge can b<‘ ])lott<*d lor each wavelength. The photographic density values 
from the negative for th(‘ area of interest and the clear background can now be 
converted to o])tical density using these characteristic curves. Curves relating 
optical d(‘nsitv of the biological object to wavelength can then be drawn. 



Fig. —Microphotometcr record across film negative of chick fibroblast at 
205 ni/i, showing position of nucleus. 


Errors in the reproducibility of the inicrophotomcl(*r traces are less than 
those due to grain clumping and unevenness of field. It is estimated that tin* 
error from these causes for a single reading of density is about -J. coi. Tlie 
errors in the mcasiiromont of the total amount of absorbing matt'rial, duo to 
that fraction which occurs in resolved partirli's smaller in size than tlie micro- 
pbotometor spot, have been investigate<i. The errors will (Uj])t*n(l on the density 
difference between tlu'sc particles and their background, ('alculatioii shoves 
that, provided the actual density diltereuces are small, ils in our mateiinl 
(chick fibroblasts), and that the product of the area traced by Ihu miciophoto- 
meter spot and apparent dctt.sity is uskI jis a inciisure ot the amount of Hul)stan(‘<* 
present in those pjirticles, the errors will be small, 'flieso errors for diuisily 
ditfercnccs of o-r and 0-2 are lo % and 20 % r<‘spcctively with the microphoti!- 
meter spot used. In the measurement of the total absorption for the wliole 
.structure, these errors may be negiccietl as the bulk of the absorption lit's 
outside the particles. 

Tissue Chilture Technique.' -The hanging drop meUiotl of tissue culture 
has been used in preparing cultures for ultra-violet micrography either by Miss 
S. Jackson or by one of us (t*. M. B. W.). Explants from the ventricle of 9-12 
day chick embryos were placed on the o-i mm. thick quartz covcrslip together 
with a suitable nutrient medium, and were examined without furtlicr sub¬ 
culturing. The coverslip was supported by a i mm. thick stainless steel ring 
and the chamber was sealed off with a 0-5 mm. quartz window. Liquitl medium, 
obtained as the exudate from embryo extract and fowl plasma, was used with 
or -vrithout a surrounding ** horseshoe " of clotted plasma and extract. Liquid 
medium was found to give fiat cells which only grew on the interface bt^tween 
•medium and coverslip. Cultures showing normal growth and division after 
36 hr. were used. 
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Plate I.—Focusing range at approximately o*i /z intervals at 312 lUju. 
Objective N.A. j-2^. Condenser N.A, o*(). X jh I'^oclak Microlilc l*an. 
Enlarged to x 075- Shous change in apiiearancc oL nucleolus and fat droplets 
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Plati II -Chick iibiohlist iclls pliotogniihul it J ■) iii/t (Imiiig luliition 
evpcnmcnt (Iig 0) Objcclivt i i) N \ comKiisd o (i N A s ii| on to 
Kodak Microlilc I’lncliioniilic Inlugal to X kjiJo (a) ] \posuic No i. 
(b) L\posuic No aS (r) 1 \.posaic No -oo 
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Results 

Normal Cells. - i^'ig. 5 is an example of the absori)tion spectra obtained 
for the nucleus (a) and nucleolus (6) of a living cell. The microphotomoter 
trace was taken acioss the cell as shown in the iigure and the average values 
()l d<*nsity for the stnutuies have been used. JCrrors may occur in measuring 
the optical density ot the smaller bodies in the cell. Tins is shown in Fig. 5 
where negative (huisity values ior the nucleolus at 297 and 302 mp, are ob- 
taine<l. 'L'hese errors aio due to difilculties in obtaining proper focus for these 
small bodies and the ch<‘el is illustrated 111 the Iodising range at 312 mp through 
a normal cell (Flat<» 1). 

In the huger tireas, such as the nucleus, these errors do not <xcur although, 
as in this cell, light diUracted outside the true area of the nucleolus may pro¬ 
duce an artilicially high value for the average density of the nucleus. Subject 
to these errors, the living material we have invc^stigated shows negligible non- 
spocilic light loss as measured by the optical density at the longer wavelengths. 



I'kj. 5.—Absorption curves of nucleolus (O) and nucleus (+) of living inter- 
mitotic chick fibroblast. 

Ultra-Violet Radiation Effects on Living Cells.- The general morpho¬ 
logical changes when cells arc irradiated have been often described.’* ® Our 
nsiilLs, obtained by the <lescribed irradiation procedure, and illu.straied in 
Plate 11 , are m general agreement with those ot other workers. The very first 
phoiograph at 2(>5 mp showed that the background of the nucleus is not homo¬ 
geneous. There is no ajiparcnt change in the appearance of the nucleus in the 
first 20 exposur<*.s (duration ^ min,), but with furlh<‘r irradiation small absorbing 
botbes appear in th(‘ nuclear background. At about the 4olh exposure the 
nuclear imunbrane is btdter tU'hned and the nucleus becomes rounded, and thus 
appears as a smaller area on the photograph. At a stage during the shrinkage 
ot the nucleus " blehs ” containing much ol the absorbing material from the 
cytoplasm are so<‘n to sjpj)ear at the cell boundar}^ Tho.se enlarge and eventu¬ 
ally burst. An ultra-violet cine-film at 265 mp illustrating tliese effects has 
been made. 

Using the methods ol integnition descril>ed, we liave investigated the quanti¬ 
tative clianges that occur when living cells are irradiated. A complete analysis 
has been made on two cells, Jn these the degrees of shrinkage and the final 
average density of the nucleus were very different, but the total amount of ab¬ 
sorbing substance measured by this method changed in a similar manner. 

Fig. 6 illustrates the I'lianges cjccurring in the nucleus of one of these cells. 

® Wilkins, this Ifiscussion. 

’ Banchor, Protoplasma, Ki.ji, 3d, (>07. 

« BiebI, 1942, 36, 491. 

® Larionov and Bnimberg, CompU rend., UM.S.S., iy4(), 54, 2O7. 
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The average densitj" of Ihc nucleus renuins fairly constant initially and then 
increases (curve a). This coiiesponds to the observed increase in absorption 
of the irradiated nuchuis. The proiected <ircti also remains constant and then 



Fio. (k Data from serial photographs of interniitotic chick libioblast nucleus. 
Exposure time a*4 sec., interval between exiiosures iz see. Duration of experi¬ 
ment 40 min. Total number of exposures 200. Curve a ; average density of 
nucleus including nucleolus. Curve h : xirojectcd area of nucleus in /a*. Curve r : 
variation in total amount of absorbing material, expressed as a percentage oi 
initial amount and obtained from product of average density x area. 



Fig. 7. —Absorption curve of chick fibroblast nucleus before (x) and after (O) 
irradiation as in Fig. C. 

decreases (curve 6). The total amount of absorbing material present (the product 
of curves a and b) is found to decrease after irradiation to about 70 % of its 
initial value (curve (e;)). The nucleolus has boon included in the measurements 
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of the average density of the nucleus. Microspectrographic errors due to differing 
light-path lengths are greater with the more rounded irradiated nucleus. 
A (Qualitative examination ot these corrections shows that if they were made, 
the total amount of absorbing material after irradiation would be still further 
decreased. 


Discussion 

The Living Interphase Nucleus.—It has boon suggested that the living 
intorphase nucleus, except the nuclco'us, is non-absorbing ® at 265 m/i and 
optically homogeneous, “ and that the absorption and structures that have 
been reported appear after injury by ultra-violet radiations’. ® or other 
agents. Our results show that a photograph taken without previous 
irradiation has an optical density for the nucleus of chick fibroblasts of 
from 0*1 to 0*15. The optical density of the cytoplasm may be greater 
or less than this value. It is also found that the living nucleus is not 
homogeneous, but contains poorly-defined structures, other than the 
nucleolus, and similar to those seen in the phase microscope. Further 
small absorbing bodies become evident in our ultra-violet photographs 
after ultra-violet radiation. 

Tissue culture cells are very sensitive to changes in medium and to 
mechanical injury, such as that produced by a smear technique. It is 
therefore necessary to emphasize that our photographs were taken of 
tissue culture cells growing in the normal manner, and that we found it 
unnecessary to add Ringer's solution, glucose or other reagent. Care is 
also taken to transfer the culture quickly from the incubator to the warm 
stage of the microscope. The unirradiated cells continue to grow and 
divide after the exposures have been made for the usual period of time 
for this type of culture. T^erc is, therefore, no possibility of artefact due 
to injury of the cells during their preparation. Our results show con¬ 
clusively that the nucleic acid of the living undamaged nucleus is in such 
a condition that it can absorb ultra-violet at 265 

It is likely (Part I) that the exposures during the 90 sec. required to 
obtain an absorption series of photographs will eventually produce cell 
damage. We have carefully examined our cells before and immediately 
after this period with phase contrast illumination (N.A. 0*85) and find no 
detectable change.’* The long filamentous mitochondria have neither 
changed their shape nor ceased moving, and the cytoplasmic processes 
have not been withdrawn. But cells examined an hour after one absorp¬ 
tion series has been obtained, show variable signs of degeneration, such as 
clumping of the mitochondria and rounding up of the cells. 

Results obtained by raicrospcctrography of fixed material have been 
criticized by Larionov and Brumberg,® because the validity of this work 
has been partly based on a comparison of ultra-violet photographs of fixed 
material with those of living material, taken after prolonged irradiation 
during focusing and exposure. The form of the absorption curves we have 
obtained on living cells resomblo those of C'aspersson et aL for fixed 
material. However, in order to determine whether there has been any 
change in the quantity or distribution of absorbing substances on fixation, 
quantitative techniques should be applied to the same cell before and after 
fixation. 

The Irradiated Interphase Nucleus.—Various explanations have been 
advanced to account for the increased optical density observed in nuclei 
irradiated with ultra-violet light at 265 mjtt. Larionov and Brumberg • 
suggested that either there had been some change in the condition of the 

1 ® Wyckoff, Ebeling and Ter Louw, /. Morph,, 1932, 53,189. 

’’ Caspersson, Scam,, ArcMv, Physiol,, 1936, Suppl. 8. 

Ris and Mirsky, /, Gen, Phys%(A„ 1949» 497- 

Ely and Ross, Nature, 1949, 163, 906, 

’* Ludford and Smiles, J, Roy, Micro, Soc„ 1948, 68, i. 
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nuchiic acid and its ability to absorb ultra-Molct rays or that it was iji 
some way connected wit h the n'duced siz<‘ of t h<' nucleus. Kis and Mirsky 
concliid(‘d from ilu*ir expt'riments on chick fibroblasts that the incroastMl 
density of the irradiated nucleus was due to iin reused structural light loss 
due to cJnuiges in refractive index. T]i<‘ir com lusioii was baseil on ultra¬ 
violet ])hotograi)bs of cells l)efoieandafl<‘r Ireatnauit wdtii hot tricJiloracetio 
acid which removes nu<deie. acid, 'fhe a})|><‘aian<‘<‘ of their *' chromatiu " 
(lid not diang(‘alter <‘\( i,v( tion. Om o suits also sliow that tJuieisan m 
< r<‘as(*<l o|)ti( a1 density in lh< iiiadi.iti d iiia h‘us, but that this (Kuisily is diu‘ 
to true liglit absorption autl nol stuKtuoil lidit loss fIMatelll iiiul Fig. 7). 
The integration niefisuriMiKUits (h'ig. (>) show that this increased absorption 
is accounted for by a decrease in nuclear ar(*a as originally suggested by 
J^rionov and Mrumberg. 'fheri' is in fact a dcicreasc rallier than ait in¬ 
crease in tlu‘ t<dal amount ol absorbing matter present after irradiation. 
This decrease in the total ciiiantity may possibly be explained either by 
a lOwSS of nucleotides through the nuclear membrane or by chemical changes 
due to ultra-violet radiation, i'* 

We have outlined in this communication a method of fiuantitativo 
comparison of absorbing substJinces in biological material which wc must 
emphasize is in thc‘ early stages ol its development. Tlic method can \>o 
applied to other problems involving the comparison of c(‘lls in ditU^n^nt 
slates or metal->olic conditions, rndiTd, it is p(^ssibl(‘ from tlu* measure¬ 
ments of nuclear area and average nuclear d(‘nsity (<‘X('lncli]ig the nucleolus) 
already obtained to calculate the d(i.soxyribo nuchuc acid (DNA) content of 
individual living chick fibroblast nuclei. If the assumption is made that 
the measured absor[)tion at 205 m/A is duo entirely to HNA (neglecting 
the protein moiety) then the contents arc for the two nuclei measured 
3*0 and 5*5 x JCo-i*g. These figures arc similar in magnitude to the 
average i 5 nA content per nucleus obtained by biochemical methods for 
fowl crytlirocyto nuclei (2*62 x 10 g.).^®» The ditferenco between 
our figures above is outside the limits of experimental error and one would 
not expect that in cells which are rapidly dividing, tlie DNA content of 
individual nuclei would be identical. 

The main conclusions of the studies of chick fibroblasts arc : 

(i) The living intori)hasc nucleus is hetcTogencous in structure and 
the dcsoxyxibo-nucleic acid is in a condition in which it can absorb* 

(ii) The absori)ti<)n curves of living ctdls arc similar in form to those 
obtained by others on fixed material. 

(iii) Thc^ incr(‘jusod ()[)tical (Umsily of nuclei irradiated at 265 m/t can 
be accounted for by their decreased projeot<‘d nr(‘a. TJiere i*s in fact a 
decrease in the total amount of ab.sorbiiig material. 

Wo would like to tlunik tin* iollowing for lHd]>ful discussions ; IVof* 
J. T. KaaidaU, IMf.S., Dr. 11 . H. hVU mid Dr. M. I L Wilkins. We would 
dso like to thank the following : Miss S. Jack.son for juvpariiig .some of 
the tissue cultures, Miss IJ. Yates mid Miss Ticelnirst for liolpin preparing 
illustrations, P. Iloavcr for constructing the niicn)])h<>tomcter, and C. 
Yhapp for general help in the construction of a])j)aratus. 
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Strand, London, TT.C.2. 

Heyroth and Loofbourow, /, Amer, Chem, Soc., 1931, 53, 3.^41. 

Davidson and Leslie, Nature, X950, 165, 49. 

Vendrely and Vendrely, Experientia, 1949, 5, 327. 



COMPONENTS OF NORMAL AND ABNORMAL 
LIVER CELLS STUDIED BY ULTRA-VIOLET 
MICROSCOPY AND BY DIFFERENTIAL 
CENTRIFUGATION 


Hy IIiiuMnT R. CATt*m»t»i \ni) Isidokf-' (tlksii 
Rtreivt d, i S/// / uly , i < »3< > 

lllirn-violot al)s<npti<ni was Jiicasuml at 2()32 A and -iSo j A in nudid, 
nucleoli, and cytojilasni of cells in sections of nonnal rat livers, of hepatomas 
produced by feeding butter yt'llow, and of non-tumour poilions of tumoui beaiing 
livers. N'ucleic acids were determined choniically in cytoplasmic and mudenr 
fr,u Lions, obtained by <liilerential tentiilugalizaiion, from the same and othei 
livers and experimimtally produced tumours. Comparison of the liiidiiigs 
yielded a held of general agreement. Ke^olution of certain disrre]>ancies led 
to d('duciions of (i) a lower state of aggregation of the nucleo-proteins of tumoui 
nuclei, <)r an increased pcrm<‘ability of the niiclc‘ar nuunbrane to them ; (ii) a 
chang(‘ in distribution of cytoplasmic niicleojiroleins of luinouis from moi<‘ 
higldy orgain/<‘d paiticulate states (large granulc^s and micneoiiu's) to sinallei 
aggregates (siib-miciosomes). 


NunuTous ro])orls on nucleic acids and cell ])r()tt‘ins in ceils have 1 hh‘J 1 
based on the use either of ultra-violet absorption or of conventional chemical 
methods applied to c<‘lls, or to their se]>arated coinponents. No single 
study milking use of comparable niaUu’iiil hits appean^d designed to tjik<‘ 
advantage of differences in the mcthodologiciil assumptioiis implicit in 
the use of methods differing so markedly in tcchnicpie. vSuch an fitttmipt 
is the basis of the present paper. 

Experimental Results 

Material.-' Female rats (Spraguc-Dawdey strain) weighing 80-120 g. at the 
start of the experiment were placed on Diet H t (Opie, 10^4) “ containing o-ot> % 
4-dimcthyl aminoazobenzeno (butter yellow). Control rats, in groups ot 3, wcic 
fed the same diet williout dye, and received daily the same amount ol food as 
was consumed by similar groups of animals on the butter yidlow dii't. In general, 
tumours were taken aXt<‘r 7 to 12 months on the diet. 

Animals were killed by a blow on the lunwl ami W'en' bl(‘d but nc>l pei fused. 

I Me( es ol liver or tumour tissue were frozen in hopentane at - 150** ('. t u \ (k)" <', 
and <lried in vat no at about - /or histocheinical sludy. A<ljoming sli(<‘s 

were lixed in formalin. Tumour tissue was fre(*d fioui giossly n(‘<'rotie aiui 
cystic tissue; this will bo called (unimir hepatoma lis.sue and the u‘lls iianu*<l 
r<)rr<\spondingly. Most gciierally, the right liver lob(‘s showed prel('rential 
conversion to tumour, and frequently normal appearing, or hypeitroi>bi(*, tissue 
visually fr<‘e of tumour could be obtained from the median nn<l left lob(‘s ; this 
will be called non-tumour hepatoma tissue axul th(» cells named t ()m‘.sj>oiulingly. 
In other case.s, conversion to tumour was general. Tumour and non tumour 
heptoma tissues wore processed separately where possible, ami nornud couliol 
tissues were taken at the same time. The tissui's were weighed fresh and iai- 
mediately dulled in the rofiigcrator. 

XJUra-violet-Microscopy.]; —The frozen and dried blocks wlji<'h ha<l b<‘en 
embedded in paraffin were sectioned serially at 4 /i. A series of sections was 

* This work was supported in part by a grant from the American Cancer 
Society recommended by the Committee on Growth of the National Jt(\s<*ar<‘lx 
Council, 

1 68*2 % fat, 2i*T % protein, adequate vitamins. This diet was reported to 
produce a high incidence of hepatomas without cirrhosis. 

J In all measurements with the u.-v. muroscop<*, w't* acknowU!dg<‘ with deep 
appreciation the assistance of Mr. b'rank K. Vaughn. 
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passed through clik>rolt)riii and absolute aleoliol, transferred to a quartz slide 
and mounted. After preliminarv experiments cited below, the mounting and 
clearing agent chosen was a i*oH % solution of lanthanum nitrate (baNOajs . ollgO 
in 8o % aqueous gl5'cerine. In order to reduce error due to section thickness, 
only two or three cells weie nieasuied in any one section, to re.ich a total of 
apj>ioA.imat(‘ly tw<Mity cells f(»r <‘ach specimen. Tlio cells measured were }U‘l(‘cte<l 
only for having the micloolus, nuclear sap and cytoplasm unconfused by oveilay 
or undeilay. Measurements were taken the same dav the preparations w<t’c 
lUtule of a cylinder about i ft in diameter through a nucleolus, a inu'hMis free 
ot visible ]>ariicles, and cytoplasm at a tlislauce of approximately 5 ft fnun the 
uiu'loar membrane. Simultaneous readings were made of monoeliromatic light 
transmitted through I he object or clear space and the microscope, and of a beam 
letlectod from the incident illumination. Measurements in any one cell at two 
wavelengths (2052 A and 2804 A) were completed in about 2 min., without 
undue exposure (sec below). 

The light source wa.s a medium-high pressure w'ater-cooled mercury arc. 
Zci.ss (piartz optics were used, except for a reflecting objective with a numerical 
apeitun^ of approximately o-O and an initial magnifu'ation of 78. Other detaiUs 
arc a cpiartz condenser, an ocular X 20, and distance to aperture approximately 
75 cm. Amplification was by means of an electron multiplier tube and galvano¬ 
meter. 

Continued irradiation was accompanied by a fall in absorjition (Fig. ia), 



a phenomenon which was studied in detail on unlixed cells by Bradfield and 
Errcra.® Wlxen illumination was inteiTupled, the absorption remaine<l nt‘arly 
constant during the time when the .s]>cciinen was not irradiated (h'ig. nt). Tills 
phenomenon was noted in the nuideus, nucleolus and cytoplasm. There was e. 
fall in absorption whether the object was fixed by fn'czing an<l drying, or l>y 
formalin, absolute alcohol, or aqueous or iilcoholic mercuric chloride. 'I'lie 
fall in absorption couhl bo prevented for 3 or more minutes by using lanthanum 
glycerine ah a mounting m<jdium (Fig. ic). 

Wo were unable to tast the apidicability of Beer's law. Prdiininary test 
of Laml>ert's law ia based on the cytoplAsmic absorption of 10 normal liver 
cells in sections i» 2, 3 and 4 fi thick. Plotted as modliled extinctions 
the mean values fall along a .straight line (Fig. 2 a, n). The ratios of at 
2652 A and 2804 A are nearly the same at all thicknesses. If the I.Ambcrt law 
for nucleoprotoin and protein be ro])rcscntod (Pig. 2C, d) by straight lines passing 
through the origin, whose actual slope is not known, then deviations from them 
may be attributed, at least in part, to light scattering. It is suggested that 
these findings may provide a partial or alternative explanation of the phe¬ 
nomenon described by Commoner and Lipkin,»» • in which a tendency for li 

* Bensley, JStol Sym^„ 1943, *0, 323. 

* Bradfield and Errera, Nature, 1949, 164, 532. 

® Claude, /. Bxpt Med., 1946, 84^ 51, Ci. 

* Claude, Sctence, 1940, 91, 77, 

« Commoner and Lipkin, ibid,, 1949, iio^ 41. 

«Commoner, ibid., 1949^ no, $1. 
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values to have a m?iximuin frequency at 0*3 was interpreted as being due to 
orientation of nucleic acids. For, increasing downward displacement of ex¬ 
pected vtdues (from curve c to curve a) at higher absorption levels would 



Fig. 2. 


TABLE I.— Mean Values at 2652 A and 2804 A of Nucleus, Nucleolus 
AND Cytoplasm of I-Tepatoma Tumour Cells, of Non-tumour Cells of the 
same and similar Rats, and of Normal Hepatic Cells of Rats Fed the 
SAME Diet Minus Butter Yellow, calculated from Animals in each Group 



Tumour 

Hepatoma 

(»« 7 ) 

Non-tumour 

Hepatoma 

(»« 5 ) 

Normal Diet 
Control 
(n«ii) 

2632 A Nucleus 

0*641 io-oSi 

o*6o6 ±0*051 

0*591 ± 0*099 

Nucleolus 

o*77<> *10*126 

0*728 d-0*046 

0*713 ±0*109 

Cytoplasm . 

0*831 io*ii8 

0*796 ±0*037 

0*694 ■±0*115 

2tSo.| A Nucleus 

o*,|()7 -fc0-086 

0*449 ±0*039 

0*415 ±0*073 

Nucleolus . 

0*372 d 0*134 

0*523 ±0*039 

0*508 ±0*053 

('ytoplasm . 

0*627 d 0*101 

0*614 : 1.^>’039 

0*530 ±o*o6o 


Significance of difference between means calculated from animals in each 
group. 



Tumour Hepatoma 
and Non-lumour 

Hepatoma 

P value 

Tumour Hepatoma 
and Normal 

Diet Control 

P Value 

Non-tumour Hepa¬ 
toma and Normal 
Diet Control 

P Value 

2652 A 

2804 A 

Nucleus 
Nucleolus . 
Cytoplasm . 
Nucleus 
Nucleolus . 
Cytoplasm , 

o*4> P>o*3 
o*4>P>o*3 
o*5>P>o*4 
o*7>P>o*6 
o*4>P>o*3 
o*8> P> 0*7 

0*3 >P>0*2 
0*3 >P>0*2 
0*05 >P> 0*02 
0*3 >P>0*2 

0*3 >P>0*2 j 
O*O5>P>0*O2 j 

0*7 >P>0*6 

0*8 >P>0*7 
0*02>P>0-01 
0*3 >P>0*2 

0*6 >P>o*5 

0*1 >P>0*05 
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icsiill in an app.mml p.iii< it\ ol tlifso hnjIuM \aliK‘s,an<l in a <li pLn (Min nl ol thr 
(‘xtindion lio<iiu‘no <uiv< ■» to tin' hit 

An oxaniination of 'laMo I slums ioiul(‘iu\ loi the .jl)‘*oi])tioii ol nuf 
nucleolus ainl (\topla‘‘m at both wavi'lenuths to be lt>\ve>t in nonnal <<lls, 
hi“lnT in non tuimmi In patoiUii t<IKan<l hu'iu'st inlumoni (tils. Tins nlation 
'*lnp IS iKit '•t.itistn ills a«*niluaut Hov\t‘\<i, vslien <ill \aluei of all aniinab in 
e.u'h (tnnutni, non tunioui, (oiitiol) aie lieated a. il tlu\ wen* tioin a 

sinpj(‘ .iniiu.ll, ,nul (oinp.in'd (l.ibh* II), a sl.iti du ,ill\ '■npuluant <lifl<ieiue 
appeals Ix'twtt'U tin' \aiioii> < oinpoiu ni . ol tuinoin lu'patoni.i <ells .iiul thoa' 
ol iioiin.ii ((11 , and al o betwitn (\lopla in ol non tunnuii lu'patoina ((‘lIs <ind 
nonnal (('11 Pin k* is littN' doubt tli.it it tin* .ib (upturn ( uive-. ( on<‘< t<d 
lor lii^ht s(.dt<*nnf' and otiu'i iet»ulai enois (.i, h.is Ixs'ii doin ((‘iit.iti\( I\ in 
h'lj^. ic* .iiul i>), inoie inaik<‘d t.itistu .d ddten'tn es would appc.ii in I he .ib-.oiption 
of all tliK'e ci'll (onipoiu'nts ol luuinal, luinoui .ind iion-tiiinoiir Inp.doin.i (<‘lls. 

TARldC II. -Mkan PI'Ju I n I \(.n AnsoRuimN at a<)s^ A \m> jSo|A oi 
Nucleus, Nurii'ouis and ('yioimasm oi svmi (‘ims Tki \ri o in I m i i I, 
c \L< m«\n 1) I uoM nil. Vvims oi m.l Ausoru'iions \.\ (omuis 

Nen-Uiiuotii Nmni i 1 l>i( I 

Ih p lUiiu ( ( iMitiol 

(»* i(»») [11 i)|) 


A Niu'Ieus 
Niu'h'olm 
Cytophisin . 
jSo|A Nucleus 
Nucleolus 
('ytoplasin . 


SigniluMnce of dilCercnce between means ('ah'ulatt'd for Vidu<'> of i*arh poup 


77*0 1 «s*n 
1 7-^7 
I 

oyn I I i*(>o 
7a*t I 11*70 
75-0 I 7 * 7 () 


74*0 i 0*2 I 
So*.t I p(M 
h 1*2 1 .piSo 
‘ 7 'VI 
70*0 1 0*<).| 

7 )•« 1 S-'’"! 


7 )*S « 10*10 
7(e<> ! 7*04 
70*) ‘ «S*to 

0.»-o I 1 1*10 
1 (^-oS 
70* j I <)*72 


'I unioui 
Jlcpaloiiu 
in la ) 



Volume Studios. Seiial seidions of the same m.itiTial htudied above* w(*ie 
mounted on slidoh and slaiiuHl Nvith 'Poltiidiue Blue. M<‘asurem(*nls were made 
with an ocular niicroin<'1(‘r of tlu* j*iealest and J(\isl dinu'iisions oi nutleolus 
nuelcuh and cell body in the sami' ec'll, the cnleria lor selection of cells l«‘ing 
the same as was used for idtra-viol(*l inicrosc opy. b'or calculation of voJunu*, 
nucleoli wore generally troab'd as spheres, nuclei and c(*lls as ellipsouls. J''oi 
practical purposes, the volume of cytoplasm may be regarded as that of tlie 
cell. It appears from Tabic HI that only nucleoli of tumour hepatoma and 
non-tumour hepatoma cells have 4 significantly greater volume than those* ol 
normal hepatic colls. Those diflerencos may not bo as great a« indicated, since 
smaller nucleoli of normal cells wore probably neglected. When the same basic 
data are treated as if pertaining to only three groups (tumour, non-tumour, 
normal), additional significant diilcrences appear (Table IV). All three com¬ 
ponents of tumours are significantly, or possibly si^ificantly, larger than those 
of normal colls and of non-tumour colls ol the same or similar rats fed butter 
yellow. The nucleolus and cytoplasm* but not the nucleus of the latter, aie 
larger than nonnal. 

It would seem, then, that by a liberal, possibly justified analysis, the com¬ 
ponents of tumour cells have a greater ab.sorption at 2652 A and 2804 A than 
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noimal colls, and that there is more absorbing material (nucleoprotein) in the 
Xoinior than in non-tumour cells of the same or similar livers of rats fed on a 
butter yellow diet. Also, as compared ’with normal, the cytoplasm of non- 
tumour hepatoma cells has a gieater absori)tion at 2652 A and at 2804 A, and 

TABLIC ITI, Ml AN VoMJMh op Nucleus, Nucleolus and Cytoplasm op 
llEPAroMA 'Ptimour Cllcs, 01 NoN-ruMouR Cells ok tjil same and similar 
Rais, and ok Normal IIpj'aik Culls ok Rats Fed tup: same Diet Minus 
B unER VLi.iaiw, caiculaikd irom Animals in Each Group 



lumoui 

Ihpalonui 

(««7) 

Non-tumour 
Hepatoma 
(«-5) 

Normal Diet 
Control 
(n «11) 

Nucleus (mm.® X io“’) 

3*39 ±0-91 

2-46+0-25 

2-42 J 0-37 

Nucleolus (mm.® x lo-’) . 

1.30+0*45 

0-79+0-19 

0*49 +0-II 

Cytoplasm (mm,®Xio”^) . 

2-50 + 1-73 

2*07 +1*46 

1-76 +0-27 


Significance of diflerence between means calculated from animals in each group. 



Tumour Hepatoma 
and Non-tumour 
Hepatoma 

P Value 

Tumoui Hepatoma 
and Noimal Diet 
Control 

P Value 

Non-tumour Hepa¬ 
toma and Normal 
Diet Control 

P Value 

Nucleus 

0*05 >P> 0-02 

0 * 02 >P> 0 *OI 

0-9 >P>0-8 

Nucleolus 

0-05 >P> 0-02 

P<o-oi 

P<o*oi 

Cytoplasm 

0-7 p-P>o-6 

0-4 >P>o-3 

07 >P>O -0 


has more absorbing material (nucleoprotein). By a more conservative treat¬ 
ment of the same data, only the nucleoli of tumour and non-tumour cells of rats 
ied on butter yellow have a greater than normal amount of absorbing material 

TABLE IV.- Mean Volume of Nucleus, Nucleolus and Cytoplasm of 
SAME Cells treated in Table 111 , Calculated from the Mean Values of 
ALL Volumes by Groups 


Tumour 
Hepatoma 
(rt -- aso) 


Noii-tumoui 
Hepatoma 
(» =- 100) 


Noimal Diet 
Contiol 
(« »» 240) 


Nuclous (mniX J o “") 
Nucleolus (mm.® Mo-’) 
Cell volum<‘ (mm,®X to- 


1-30 l 074 

275 JL2-22 


2-46 d-o-93 
079+0-47 
2-07 4 0-90 


2-42 ±0-52 
0-46 ±0-20 
176 +0*68 


Significance of difference between means calculated from all values for each gioup. 



Tumour Hcpatoimi 
and Non-tumour 
Hepatoma 

P Value 

Tuiuoui Hepatoma 
and Normal Diet 
Contiol 

P Value 

Non-tumour Hepa¬ 
toma and Normal 
Diet Control 

P Value 

Nucleus 

jP<0-0l 

P<0*01 

o*7>P>O-0 

Nucleolus 

P<0'QI 

i^<o-oi 

P<0*01 

Cytoplasm 

P<0-Ol 

0-05>P>0-02 

P<0*01 


(nucleoprotein). By either method of anal3’'&is, the absorption is least in nuclear 
sap, greatest in the cytoplasm, and intermediate in the nucleolus. 

Adverting to the theoretical coiusidcrations of Commoner and Lipkin, the 
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phenomena attributed i<-) nucleic acid orientation was not found by them with 
living cells (nucleic acid un-orienfed), but only with material in which they 
believed some sort of alignment was produced by fixation distortion (nucleic 
acid oriented). It is likely that the cells used in the present study resembled 
the former in physical state, since Ircezing-drving under the conditions employed 
doc's not produce observable shrinkage or distortion. Tf, nov<*rtheh‘ss, these 
arguments do apply to the material as fixed, tlu'ii two possibilities seem to arise : 
(i) wluTO no ditleieiuc* in at)son>tkm is seen, differ<*nces in fixation orientafiou 
might bo obscuring an actual iliiference in concent rat ion, (2) wh<*re a signiricant 
difterence is fouml, this might be actoni]>anied bv an altered physical arrange¬ 
ment of the nucleic aci<ls j)nKlure<l duiiiig lix.it ion. 

Preparation and Analysis of Liver and Tumour Particulates,— 
Manipulations were imwle at 0-4" (' in a cold room. Centrifuges wTro operated 
** open to obviate a teinperature rise within the apparatus while spinning. 
Kunning times and speeds were .standardized and the schedule was adhered to 
throughout the course of this work. An alkalinizcd saline suspension of the 
tissue (i volume of tissue to 4 of saline) was made as in Claude's procedure.® 
This was centrifugalizal 3 times at 1250 g for 3 min. each run to remove nuclei, 
cells and debris. The supcirnatant was then centrifugalized twice at 18,000 g 
for 5 min. each run to remove the large granule fraction. The large granules 
were pooled, je-sedimenteil, and then wasluxl twice more with saline. The 
final preparation was frozen in licpiid air ami lyoplulizixl. The large granule 
supernatant fraction was centrifugalized at 18,000 g for po min. to obtain the 
microsomc pellet described by C'laude* and by Benslcy and Lazarow.' Micro- 
somes were pooled and sedimented, and washed once with saline. The final 
preparation was lyophilized. These jireparations were stored in a desiccator 
over Driorilo. A limited number of lueparatious of isolated nuclei was made 
separately by the Dounre procedure,® using citric acid at pU (>*2, modified to 
deal with the relatively small amotxnis of tissue available from single animals 
(6-15 g.). In addition, whole tissues (normal, tumour and non-tumour hepatoma) 
were sampled following a preliminary grinding. The suspensions wore weighed 
and lyophilized for dry weight and other determinations. 

Weighed amounts of the dried whole tissue, or of the dried granule.^, were 
prepared for phosphorus analyses by the method of Schmidt and Thonnhauscr.^® 
Following extraction of the lipid material, the ])rcpiiration8 were hydrolyzed 
with i-o N KOH for 24 hr., and partition was made between the dcsoxyribose- 
nucloic acid, phosphoprotoin, and riboscnucleic acid phosphorus, Fhospho- 
protcin phosphorus was removed by the method of Belory.’ Phosphorus was 
estimated on all fractions by the method of Comori.® Amino acids were 
determined on a few fractions by standard microbiological methods. 

Results.—^Wholk lJ*Rozai;N-x>RiED I^ivisR Tissue (Table V).—There is no 
significant dilfercncc in total })hosphorus or in ribonucleic acid of normal control 
and hepatoma. There is a possible significant iucreasc in desoxyribonucleic 
acid in hepatoma. 

TABLE V,- -Whole Livers: Phosphorus pkr 1*0 g. Dry Tissue. 

(Mkans and Standard Brviations) 



N01tn.1l Dit't Contr(>l 
fiU 

Tumour Hepatoma 
tM 

Total (non-lipid) 
Besoxwibosenucleic acid . 
Phosphoprotein 

Kibosenucleic acid , 


m 


* Numbers in parentheses denote number of animals used. 


Large Granules (Table VI).—^There are no significant diiferences in total 
phosphorus and in ribo- and desoxyribonucleic acids of normal control, tumour 
and non-tumour hepatoma. 

® Deloiy, iSiochem. 1938, 3a, 11 Ox. 

® Bounce, J, Biol. Chem., 1943, * 47 * <^^5- 
• Gomori, J. tab. Clin, Med., 1941-2, ay, 955. 
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Microsomks (Table VII).—As in the case of large granules, no significant 
differences in phosphorus containing components were noted in the three groups 
of animals. 

Nuclei (Table VIII).—The number of determinations made was limited 
owing to the poor success in obtaining nuclei preparations from small amounts 
of tissue. Values for total i^hosphorus and desoxyiibosenucleic acid are low. 

TABLIC Vt. —Large Granulk.s : Phosphorus per i«o g. I^ry Granules 



N<tim.Ll Liver 
fiU 

Non-tumour 

Hepatoma 

fiU 

Tumour Hepatoma 
/iM 

Total (non-lipid) 

(6)* l6l ±40 

(6) 190 ±30 

(10) 167 ±25 

Desoxyribosenucleic acid . 

(6) 28 ±II 

6) 18 ± 3 

(10) 19 ±13 

Phosphoprotein 

(61 6 ± 4 

(6) 5 ± 4 

(10) 4 ± 4 

Ribosenucleic acid . 

(6) 128 ±44 

(6) 167 ±21 

(10) 145 ±28 


* Numbers in parentheses denote number of animals used. 


This may have been due either to contamination with cytoplasmic components 
(which was not microscopically evident when the preparations were made) or 
to leaching of desoxyribosenucleic acid during the preparation. While the 

TABLE VII.— ^Microsomes : Phosphorus per i-o g. Dry Granules 



Nonnal Liver 
/<M 

Non-Tumour 

Hepatoma 

iM 

Tumour Hepatoma 
/M 

Total (non-lipid) 

(6i* 279 ±65 

(6) 242 ±61 

(10) 285 ±51 

Desoxyribosenucleic acid . 

(6) 5 ± 3 

(6 5 ± 4 

(10) 7 ± 6 

Phosphoprotein 

(6) 7± 7 

(6) 10 ±13 

/loi 10 ± 9 

Ribosenucleic acid . 

(6) 266 ±60 

(6) 227 ±59 

(10) 269 ±50 


♦ Numbers in parentheses denote number ol animals used. 


nuclei of control and non-tumour hepatoma (i case only) livers are not different, 
there was a marked faU in desoxyribosenucleic acid of the tumour hepatomas, 
and a less marked fall in total phosphorus and ribonucleic acid. 


TABLE VIII.— ^Nuclei : Phosphorus per i*o g. Dry Nuclei. 
(Means and Ranges) 



Normal Liver 
iuM 

Nou-tumoux 
i Hepatoma 

Tumour Hepatoma 
tM 

Total (non-lipid) 

(3)* 

' 447 {400-477) 

(i) 405 

(4) 317 (248-385) 

Desoxyribosenucleic acid 

(3) 

252 (220-295) 

(i) 191 

(4) 163 (100-231) 

Phosphoprotein 

(3) 

35 (5-57) 

(1) 52 

(4) 44 (6-81) 

Ribosenucleic acid . 

(3) 

161 (138-175) 

(i) 161 

(4) no {50-138) 


* Numbers in parentheses denote number of animals used. 


Dry Weighiv-Water Content (Table IX).—^Water content increases sig¬ 
nificantly from normal to non-tumour hepatoma tissue, and a further significant 
increase is seen in tumour hepatoma as compared wif^ non-tumour hepatoma. 

Granule Content (Table X),—Routine recoveries encountered tising the 
standard methods of granule separation and washing may be consider^ at 
least to reflect the granule content of the whole tissues. 'V^en related to wet 
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weight of original tissu<\ was a inaiKed tail in yield from normal to non¬ 

tumour hepatoma to tumour hepatoma, l>oth for large granules ami mierosnmes. 
Their relative proi>orti<ms did not change maikedly. On th<‘ basis ol <lry weight 
of original tissue, the <hiti‘r<‘n< es wei<* less marked, but still laige <‘Tiough t(» vi<‘l(l 
significant ditferi*nc(‘s between the thiee tvpt‘s of lis.aie in most <>t tlie inter- 
group eonipai i .ons. 


TAlild' l\ Ih Kci-NI \(,K 1)«Y Wi'iom oi« Nokmm la\i*Ks wo 'I'l mock 
VM) Non n M4 »ok* IIiuaiomns 


1 

I No. Ill \niiii.il 


A\< I'o VVi‘i|»hl 


Nonmil control livers 
Non-lnmoiir hepatoma 
Tumour hopaloma . 


o J7*i ! 1*7 

iS .^4*0 1 5*0 

25 24* r I i)*o 


Normal control non-tumour ii<‘patoma 
Tumour hepatoma— noimal control 
Tumour hepatoma —non-tumour h<*patt)ni.i 


O'O.S 


-0*02 

/^,o*oi 


Amino Acids. Of partiuilar inleiest to this study was the |>ossihilily of 
ehangi^ in amino acids absorbing at 2804 A, which aie laigely 1 (‘sponsible for 
the protein absor])tion m the uUra-vi(>h‘t. Larg(‘ grnmii(‘ and mtrrosoiue 
fractions obtained from a normal liver and a tumour ,ire (’ompan'd ('J'.ihle XI), 
as well as a normal and tumour nuclear fraction ohtain(‘d Ironi iinolher i>air 
of animals. No. marked differences betw*e(‘n th<‘ granules of nonnal liver and 
tumour were found for these amino acids, nor inde(‘d for seviTill oth(*r amino 
acids studied. 


TABLE X.-"Kkcovkry of (iRANUMCs i-ttoM Normai. and Ai-MciTKD Livkks 

AND Ilhl'ATOMVS 


Normal control . 
Non-tumour hepat oma 
Tumour hepatoma 


Nt». 

Aiimuls 

Weight of Diy 
<hauuU ‘3 per it>o g. 
Wet Weight of Tissue 

hargo 

(Iranule'i 

Miuosimu‘s 


!»• 


5 

5 *.*? 

2*8 

8 


l*<> 

10 


1*1 


W(«iRht of Djy 
(imaulob ixir xoo fi* 
Diy Weight of Tissue 


I .iige 
(iMUule < 

r* 


Miriosonu*s 

g. 


15*1 l.po 
12*8 1 2*.^ 
<)-,) I ^*0 


7‘7 I 
5*7 I 
4*2 1 !•(> 


Gkoitp Comparisons {(iRANODhS pi*tt 100 o. J)Ry Wmonj 01* Tiksdr) 


Normal control—^tumour hepatoma 
Normal control—^non-tumour hepatoma 
Non-tumour hepatoma—^tumour 

hepatoma. 


Luige (iiauuh-. 

Miwjsoines 

0 *02^* /•'>0*0I 

y*<o*oi 

0*3 > 7 ’>o *2 

y*<o*or 

0 *02>i^>0*01 

0 *02> y^> 0*01 


An appreciable moiety of ph<OThoms was found in a fraction recovered as 
phosphoprotein by the Schmidt-Thannhauser procedure. This was found in 
whole liver and in all particulate fractions, agreeing in part with the protocolls 
given by Schneider, 

The presence of oxtra-nucleor desoxyriboso nucleic acid is usually frowned 
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upon by luslocliemists on Uic basis ot llio negative Feiilgcn reaction of cyto¬ 
plasm. Its presence in separated granules has been aflirmed and denied, and 
wliere iound has been usually attributed to nuclear fragments. Preparations 
of large granules in sufficient (piaiitily have given the Dischc reaction.^® This 
we have confirmed. The presence of desoxyriboseniicleic acid in microsomes 
IS harder to explain on the bOvsis of nuclear fragments, which would be expected 
to secliinent eaiber. It is possible that both findings may represent adsorj>tion 
of material leached Iroin nuclei. In any case, this acid-insoinble fraction ol 
e)jo))lasune pailieul,il(‘s has been labelled arbitrarily as clesoxvribonucloic 
iieid and leportisl as a positive finding. 

TAllI.h. XI. Amino Acid ('omposition oi? Dried Gkanucks and Nxtclei 
OF LiVKR and 'I UMOllR TiSSUK 



hirgo (iraniilcs 

Microsomes 

Nuclei ' 


Liv<'r 

Tuiooui 

Livor 

Liver 

Tumour 

Liver 

Liver 

Tumour 

Liver 


g./ioog. 

«./ioog. 

'iumour 



lumniii 

g./ioo p. 

g./xoo g. 

1 amour 

Phcnylalanino 

1-J4 


D05 

1*20 

I*I 1 

1*05 

2-85 

2*38 

1*20 

Tynisinc 

2-20 


o*t>7 

0*74 

0*()2 

l‘H) 

3--20 

2-91 

1*10 

Try])toiiJuin(‘ . 


0*9 £ 

1*02 


“ 



■ " 

— 


Discussion 

11 would Ix' surprising if the results achieved by the two methods were 
idcnitical, in view of the differences in the cell components analyzed by 
each (sec Table XII) and in the substances analyzed. The microscopic 
method makes possible a survey of ** nucleo-protcins while differentially 
separated cell components have been analyzed for total (non-lipid) phos¬ 
phorus and for riboso- and desoxyribose nucleic acid and certain amino 
acids. ‘Nevertheless, the results overlap to a certain extent and supple¬ 
ment each other. At this point it may be noted that the group of animals 
used for cytoplasmic analyses, normal and hepatomatous, was largely the 
same as that used for all u.-v, analyses. A different group of animals 
was used for isolated nuclei preparations. 

By a conservative treatment of tlie data, the field of general agreement 
in the findings by the two methods is great: the constant composition of 
cytoplasmic components of normal, tumour and non-tumour hepatoma 
(large granules, microsomes) is matched by the uniform ultra-violet ab- 
sori>tion of cytoplasm. The analysis of whole liver strengthens this 
summary statement. The points of disagreement are the normal, or 
possibly increased concentration of desoxyribonucleic acid of whole tumour 
hepatoma, the decreased ccniccntration of total phosphorus, desoxyri- 
iMjuiiclcic acid and possibly the ribonucleic acid of isolated nuclei of tumour 
hepatoma, and the normal ultra-violet absorption of tumour nuclei and 
increased muount of nucleoprotein in nucleoli of these cells. 

Some of these discrepancies are resolved by the more liberal statistical 
treatment of the ultra-violet absorption data. Thus, the increased amount 
and concentration of nucleoprotein in the tumour nucleus agrees with the 
possibly increased concentration of desoxyribonucleic acid of whole 
tumour tissue. But these findings are in marked contrast with the lowered 
concentration of desoxyribonucleic acid in isolated tumour nuclei. These 
divergent trends must mean that during the preparation of the isolated 
tumour nuclei, nucleic acid is leached out. This leads to the deduction 
that there may be a difference in the permeability of the nuclear membrane 
of normal and tumour nuclei under these conditions, or that the nucleic 


>0 Iluseby and Barnum, Arch, Biochem.t 1950, 26 187. 
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acid oi tumour nuclei exists as smaller aggregatcb than in normal nuclei 
and arc more readily extractable during the ]>roceSvS of separation of nuclei. 

The more liberal statistical analysis has led to another major clodiiction 
debating with the state of the cytoplasm of tumour colls. At first glance, 
the normal composition of large gmnulcs and micro.somes of tumour cells 
stands in marked contnLst with tJie increased conc<‘n1 ration and iimonnt 
of nucleoprol<‘in found in the cytoplasm of these colls by ultra-violet 
al>.sorj>tioji. This appanml contnidiction is even more exaggerate<l by tluj 
d(*croiuso in the amount of ])arliculale material in the cytoplasm of tumour 
cells. One should recall that tlie ab.sor|>tioii of cyio]>lasm includes con¬ 
tributions of largo granules, microsomes, and also a subniicnisonial fractum 


TABLE XII.— Comparison of Cell Components Mea.surkd uy Ultra-violet 
Absorption and by Differential Centru-ugalization 



UltM-violct Micrc»bc<)py 

Ccntrifugalization 

('ells 

Hepatic cells only 

•* 

[Hepatic cells 

Biliary duct cells 

LConnective tissue colls 

Nucleus 

Non-particulate 
cliromatin nucleolus 


"Non-particulate chromatin 

Piirticulate cliromatin 

Nucleolus 

Nuclear membrane 

Debris, cells and cytoplasmic 
^ contaniinant.s 

Cytoplasm 

fLarge granules 
Microsomes 
LSub-microsomes 


'Largo granules (with some micro¬ 
somes, nuclear debris, extra¬ 
cellular debris) 

Microsomes (with some large gran¬ 
ules, nuclear debris, extracellular 
^ debris) 


which passes into the suiiematant during the process of coutrifugalization. 
One must conclude, then, that the cytoplasm of tumour hq?atoma cells 
contains an mcrea.scd amount of smaller nuckuc acid containing aggregaU^s 
(submicrosomes) than do normal colls. This agrees with the direct d(*- 
terminations of Price ct Increased numlxsrs of smaller molecular 

aggregates should cause an incrca.se in cytoplasmic w?itcr, wiiicli i.s in 
fact observed to lake place. In such an analysis the cytophLsin of non- 
tumour hepatoma colls occupies an intennediatc jxxsition between normal 
and tumour cells, 

Depofiment of Pathology, Department of Anatomy, 

University of Illinois, University of Chicago, 

Illinois, 


Opie, /, Expt, Med,, 1944, 80, 219. 

Price, Miller and Miller, J, Biol, Chern,, 1948, 173, 345, 

Price, Miller, Miller and Weber, Cancer Res,, 1949, 9, 398; 1950, 10, 18. 
Schmidt and Thannhauser, J, Biol, Chem,, 1945, i6i, 83. 

Schneider, ibid*, 1946, 163, 383, 





THE ULTRA-VIOLET ABSORPTION 
OF LIVING CELLS 


liY J. K, G. Bkadfibld ♦ 

Rcicwcd Jidy 1950 

Tlui ultia-violcL absoiption ol small zones (1 to 5 /x diani.) m living cells in 
the iH'gion 2500 A to 3000 A has been Xollowed for periods up to 20 min. after 
the c(‘ilb were first irradiated, in order to determine whether the ultra-violet 
irratiialion involved in measurement alters the absoi'ption of the cells. Various 
conclusions regarding techniques have been drawn from the fact that, in diflerent 
cells, all three possible results were obtained—an increase, a decrease and no 
change in absorption. The decrease in absorption (at 2650 A) was prevented by 
the presence ol reagents destroying sulphydryl groups and, since the decrease is 
probably due to loss of nucleotides, this observation suggests that the stability 
of nucleic acids may bo aliected by tlic condition ol the sulphydryl groups in the 
proteins with which they are associated. 


SonK' years have elapsed since the early examination of cells in ultra- 
vit)let by Koliler, Barnard, Wyckoff and Caspersson ^ and, later, many 
others and until recently it was generally accepted that living cells absorbed 
in a manner qualitatively similar to fixed cells, although most investigators 
agr(.‘od that Jiving cells are soon damaged by ultra-violet irradiation. 
Brumberg and litrionow» have recently suggested, however, lliat un¬ 
damaged living cells show only very low absorption around 2600 A, 
whicli increases markedly after a few minutes’ irradiation. The well- 
known photographs by Ludford, Smiles and Welch® o± fresh cells of the 
Kb tumour and other work done here and in the United States have con¬ 
firmed, on the other hand, that a variety of living cells possess marked 
nuclear and cytoplasmic absorption when first observed. The experi¬ 
ments described here aimed at discovering whether the ultra-violet ab¬ 
sorption of living cells in the range 2400 A to 3000 A changes appreciably 
during the relatively short period required for absorption mea.suremeiits 
and if so, at elucidating the nature and cause of such changes. It should 
be emphasized that the present work was not designed to investigate the 
general question of the effects of ultra-violet irradiation on cells—a subject 
about which there already exists a vast literature, as will be seen from 
reference to the reviews by Duggar,* HoUaendcr,® Loofbourow® and 
Giesc.^ 


Experimental 

The apparatus and procedure for making absorption measurements w'ere 
developed fiom ilnose oi Gersh and Baker.® The li^t source (i. Fig. i) is a 
water-cooled, high-pressure mercury discharge tube, used in conjunction with a 
quartz moiioclu-omator (2), The spectrum falls on a fluorescent screen (3), 
where a sUt transmits a single wavelength. The monochromatic ultra-violet 
racUatiou is I'cficctcd into the microscope (6), which has all quartz lenses except in 
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the fluorescent eyepiece ; the Jtitier can be swung in lor visual inspection ol the 
cells in the ultra-violet, or swung out for making absoiption incMsuienionts by 
allowing the light emerging from the quaitz eyepiece ol the niicioscope to fall 
on the pholoniultiplior tube (7), the output of which is iccoideil by <1 moving 
minor galvanometer, b'roin the galvanometer leading on «i “ihai spaco " 
and on a paiticular cell area (down to t jit in <liam., but usually about 3 /i), the 
absorption and extinction of that pait ol the cell can be calculated, Uu^ values 
bcung lejiroduciblo to witbiii l<‘ss tlum j %. The lesiills inclmle light h>s* l>v 
scattoimg, but as no attenijit was made to deduce nurh'oiide cone eii tint ions, 
this was not felt to be unduly iiupoitniit. ('ells weie taken tiom lieshly KilUsl 
animals and mounted in bnlteied Uingcr solid ion bet wecni (juarlz slide and lovei 
slip; they could be examined within min. ol the death oi the animal. A 
suitable field was selected with low intensity gic*<‘n light and the tine adjustment 
then rotated through a predetermined number of turns so as to bimg the niicio¬ 
scope into locus for a given wavelength of the ultra-violet (c.g, 12-7 tuins for 
focusing at 2650 A). The light souicc was then switched to ultra-violet and 
final focusing With the fluorescent eyepiece, if necessary at all, took only a few 
seconds. This eyepiece was then swung out and an absoiption measurement 
obtained after the cell had been irradiated with ultia-violet for only about 10 sec. 
Apparatus for making highly accurate determinations of the light intensity 



Fio. I. —^Apparatus used lor the measurement of Hie ultra-violet absoiption of 
small areas of living cells (for explanation, see text). 


falling on the cells was not available> but application of the photochemical method 
of Leighton and Forbes * based on the photo-oxidation of uxanyl oxalate indicated 
that the incident energy in most experiments was about 20,000 ergs/ium.® sec. 
(In the absence of atmospheric absorption, the light energy lolling on the earth 
from the sun would bo about 24,000 ergs/mm.* sec.) In fact, however, none of 
the expoiipaental re.suUs described lielow was seriously modified by doubling or 
halving this intonsity. During the observation of any one cell, the incident light 
intensity was kept constant within xo %. All cells were examined at room 
temperature. This varied on diilerent clays between 70 and 94® F, or 20 and 
35® C, but the phenomena observed varied little over this range. 

Material included stem cells of mammalian bone marrow, lymphocytes and 
thymocytes (all from the mouse), red blood corpuscles of frog, fowl, mouse and 
man and cells from two loose-cell sacromata of the mousc-^1 of which have 
been studied in some detail—together with chick fibroblasts, mouth epithelial 
cells and various invertebrates such as Paramspium, Spifostomum and Rhabditis — 
aU of which were examined on only one or two occasions. 

Results 

From the moment when they were first illuminated by the ultra-violet, such 
cells showed absolution qualitatively similar to that found in fixed cells* This 
applied both to direct observation in the fluorescent eyepiece (which, when the 

• Leighton and Fcxrbes, /, Afnsr, Chgm. Soc,, 1930, 53, 3x39, 
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Fig. 7.—As Fig. 6, showing a late ana]>hasc of nutosis (uppc^r centre), and a 
metaphase plate (lowt‘r right). 750. 
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micrasit)|>o has been (orivtlly |>ieioi uschI, takts only the fraction of a second 
requiied lor i)cj< cpiion ol the image by the eye) and to absorption measurement, 
which takes s !<•> is see. With (ontinued inailiation, however, different cells 
behaved m all thiee possil»le way,: one large giou})—the stem cells of bone 
inaiiow, togethei with l\ inolioey tis and thymocytes- showed a dcciease m 
absorption ; on<‘ latlier spec i.di/<‘d <<‘ll type, the veitebiate ciythioeyte, showed 
an ineioase and, linally, tin* <ibsoiplion in cells oC two loose tell sarcomata le- 
maiued appio\nn*il<‘Iy constant loi many minutis. Most attention was directed 
to the gioup width showed a thtlease in absoiption and so the observations re- 
giuduig tlieotlui two gioups can be biietlv siimmaiired Ihst. 

Cells which undergo an increase in Absorption.--Wlien inst observed at 
2(>5(> <»• 25^7 A, tin nucleated led blood coipusiles oi frog and fowl absorb 
densely in the nucleus and only veiy little iii the cytoplasm. As irradiation 
contmius (at 2050 A), lliero is a small, but coiistjuitly occmimg fall in absorption, 
but later, after i-rj min,, the «d)sorption begins to rise shari>ly m nucleus and 
cytoplasm (IJ'ig. 2) and soon tbe darkening become.s visible to the naked eye. 



h’lG. 2.—^'I'he increase m nuclear absorptfon (curve a) and cytoplasmic absorp¬ 
tion (curve b) when frog erythrocytes arc irradiated and measured at 2650 A. 

Curve c illustrates the elCect of a dark period (-) followed by continuous 

illumination (-) m the cytoplasm, 

l^ig. 3 (l^late 1 ) was taken before irradiation and Fig, 4 (Plato I) after irradiation ; 
from comparison of the two it is evident that the cells undergo considerable 
shrinkage. It is diflicult to measure accurately any decrease in the already 
small cell thickness, butiI this diminishes in proportion to cell length and breadth 
(which arc easily measured), then Iho dccreiisc in cell volume and consequent 
increase in concentration in all absorbing substances would account for the rise 
in absor^ition. Tl’ere wouUl bt) no need to postulate any changes in the molec¬ 
ular structure of absorbing sul)stunccs (in this case mostly proteins and co- 
enzymes in the cyfoidasm, and desoxyribonucleic acid in the nucleus). The 
nucleus undergoes some shrinkage, but part of its increase in absorption may be 
duo to the darkening of the tliin layers of cytoplasm above and below it. 

l^x<‘Opt that they are anucleate, red bloinl cells of mouse and man react to 
irradiation (at 21)50 A) in almost exactly the same way os do those of frog and 
fowl, and all these cry tin ocytis show similar ohangjes when irradiated at 2800 A, 
the only other wavelength which was thoroughly investigated. The magnitude 
of those changes is not affected by Hie presence in the Ringer solution of any of 
the substances mentioned later in connection with bone marrow cells, viz.: 
sodium azide, cysteine, mercuric chloride, ^-chlormcrcuribonzoate, iodosoben- 
zoate, iodoacetamide, all in the concentrations mentioned later. 

If frog erythrocytes arc subjected to a dark period after 1 min. exposure to 
ultra-violet (2650 A) (i.e. before the rise in absoiption has begunj and then iso¬ 
lated absorption measurements are made at intervals of several minutes, the 
show a reaction quite difEcrent from that in continuous illumination. The imtial 
slight decrease in absorption becomes more marked after several minutes (Fig. 2) 
until, SiS observed by Wyckoff, Ebeling and Ter I-oaw,=^® the cytoplasm is notice¬ 
ably lighter than at the start of the ^fcperiment. Cell dimensions show Mttle or 

Wyckoff, Ebeling and Ter Louw, /. Morph., 1952, 53,189. 
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no alteration dining this but the niaiketl shiinkago with accoinp.Lii>iTig 

rise in absoiption c*ui still 1)<‘ brought about if the cells ar<‘ subjected to con¬ 
tinuous iiiiuhation, us illutttiat(‘d at the end oi the broken cinve in Ing. 2. 

Chick fibioblasls showed smaller ineieusts tbun did tiythrocytes both in 
nucleus and lytojilasin, but much less satislacloiy tliau ciythioc>tes be¬ 

cause* : (i) their veiy iiiegulai shape makes it diiliciilt to e*,tnnal<^ then \ohime 
and Ikiu t* (o ilecidi* wladher nuMeases m absorption are due .solidv to slumkag<'‘; 
(2) tliey liave, m aiiv <'.'us<‘, bighiv variable and often very low initial absoiptions, 
as is to be <*Kp<‘tt<*d horn the fact, demonsti.iti'd by Davidson and W uvmoutli,‘‘ 
that sm h < ells undergo large lluctuatumi. in nucleic acid content. Foi these* 
RMsons thev were not studied in much ehd'id, hut il was ch*ur that puit ol (he* 
increase in ubseirptiou sliowii in Fig, 5 was due te> shiinkagi*. 

C4ells in which the Absorptionunderj^oes little chanjic. In snu*jis e)f lwe> 
loose cell sarcomata of tlw mouse (the OA anel Karle IKtW type's^ tlie*ie* was 
strong nuclear and considerable cytoplasmic absor^dion trom the find (log. 0 
and 7) and llio abs<»rptioii showed little* change os irradiation A) continued 

fe>r se‘v<‘ral minute's (Fig. Thoni may well have been changes in the stiurtuio 
e)f cell constituents, but imt in the overall ultra-viede*^ absoiptiem of the small 
areas of nucleus and oyteiplnsm selected for im^asurement. 



Fig. 5(e*).- -Tho absence of any change in aUsoqdion when nucle'i (e urves a and jj) 
and cytoplasm (curve c) of mouse loe>sc ctll saiceuna (typo OA) are* inadiated 
and mca.surcd at 2<)5o A. (ft) Tho increase in absorption (elue in part at le*asl tei 
shrinkage*) whem chick fibroblasts in tbssne cullurei are irradiate^d and me‘asiin*<l 
at 2O50 A (curves n, K, nucleus ; curve k, cytojdasni). 

Cells ehowinjl a Decrease in Nuclear Absorption,‘—Th(‘ ihinl and most 
inioresting group of cells consisted of those in which there wa.s a <U*(:r(‘ase in 
nuclear absorjition, via?, mouse lymphocytes, thymocytes and stem cells of hone 
marrow and, to a smaller extent, epitlulial cells from the human moutU and 
Pa^mneciwn (mcganuclous). It did not seem practicable to distinguish rapidly 
the various young cell stages in unstninal, living bone marrow and so we c<jn- 
iined out attention to cells 10 to 12 /t in diam., with largo spherical nuclei and 
sparse cytoplasm and refer to these as stem cells This group presumably 
included haomocytoblasts, myeloblasts, some myelocytes and crytlxrublasis, all 
of which showed fairly uniform behaviour. 

The sort of change observed when these cells were irradiated at 2650 A was 
a fall of 10 to 15 % in nuclear abso)q[)tion, which began almost at once and was 
completed in 8 to xo min. (Fig. 8, xo and xx). This <moct was observed in nearly 
200 cells and less than 5 % of aU those examined failed to show it. There was 
no simple relation between tho magnitude of the fall and either the initial nuclear 
absorption or tho intensity of the incident radiation (the latter over a four-fold 
range of variation). These results are not very surprising in view of tlie very 
inhomogeneous nature of the object measured and ot the strong possibility (dis¬ 
cussed later) that only one fraction of the total nuclear contents is affected. 


Davidson, Cold Spring TIarbor Syrnp,, 1^47, 12,51. 
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Similar changes occiu* when Ihc cells are irradiated and mcjusurcd at 2537 A, 
wliich like 2050 A is near the nxieloic acid ahsorpLion peak. I-css })ronuuiiced 
changes, though again ol a smiilar nature, aie produced when the colls arc ir- 
rntlialed and measuied at 2 pSo A or 2H00 A. With the apparatus used it is 
(lillicuH to measiiK* ahsoiplioii at several uavek'iigths bi‘lore and alter iiiadiaiion 
at a parlic iilai wavelength A', liecausc the initial nu'asureiiu^nts (cspeei,illy if 


Fro. 8. (left). -The fall in nuclear 
absorption in tw'O stem cells " 
oi mouse bone inaiTow, measured 
and irradiat<‘d at 2()5() A. (right) 
The slope of the nbsoqdioii curve 
from 2<»5o A to 2800 A before and 
alter irraibation lor eaeh nucleus. 



they arc in th(‘ region 2550 A to 2C50 A) will themselves set off changes which 
will be superimposed on any changes caused subsequently by wavelength X, 
For this reason it is difficult to plot an accurate action spectrum, altliough 
such indications as have bctui obtained from attempts in this direction show that 
tlio action spectrum resembles that of a nuclcoprotein. In two experiments the 
ultra-violet was switched on at 2800 A and an absorption measurement made ; 
the w'avclcngth was then rapitlly changed and a measurement obtained at 2650 A 



Fig. q. —^Tho variations in cytoplasmic absori>tion in a bone marrow stem cell 
irradiated and measured at 2O50 A (compaxo the fluctuations in nuclear absorp¬ 
tion shown in Fig, 8, lo, ii). 

not more than 20 see. after irradiation had commenced. The cells were then 
followed at 2O50 A for about 10 min, (Fig. 8) and then a final measurement made 
at 2800 A. Hence it was possible to plot (on the right of Fig. 8) the slope of the 
absorption curve between 2650 A and 2800 A before and sater irradiation and 
in both experiments, the slope after irradiation was approximately parallel with 
the slope before irradiation. In terms of the explanation suggest^ later, this 

Q» 
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would indicate that both tnuieic. acids (abfiorpUoii jmmK near jooo A) aiul 
proteins (peak near 2800 A) are being lost ironi the c(‘U nuclei. 

The ]>ossibility of such a loss focuses attention on the cytoplasni, since it 
ought to be possililc to detect at least a transiloiy increase in absoipiion there iJ 
substances are h*a king from the nu<*leus. The scanty cytoplasm in these cells is. 



Kic. 10. The effect of a dark pcuod (-) on th<^ lull in nuclear absorption in 

bone marrow stem colls ineiusured and iiia<litU<‘d at 2050 A. 


however, only about r thick and must, mm<over, Ix' mcasuied af the t*\.trt‘iue 
edge of the cell, where, as a result of cell curvature, crrois tUic to slight movement 
during measurement are at a maximum. It is, thcrcfoie, very dilUcuIt to obtain 
sound absorption measurements on the cytoplasm—although, as shovn by the 



Fig. xr.—^Thc changes in nuclear 
absorption at 2O50 A of bone 
marrow stem cells irradiated at 
2O50 A ill the presemoc and absimce 
of various leagents destroying 
sulphydryl groups, (hhich pair of 
cui'ves rt‘i>n'h(‘ntb ('ells from ono 
mouse and the paii*s shown above 
wero sel(‘oted from many similar 
curves for case ol rejuvsentation 
on one figure). 


DURATION OF IRRADIATION (MIN> 
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extensive researches of Thorell,^* such cytoplasmic moasurements can lead to 
very interesting conclusions regarding coll growth. Wo managed to obtain a 
few curves of cytoplasmic absorption against time, taking care in each case to 
check at the conclusion of the experiment tliat the cell had not moved relative 
to the diaphragm of the photocell. Those showed that there often is an almost 

Thorelb Acta Med, Scand,, 1947, Suppl, too. 
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immcdiiilc rise in cytoplasmic absor]>tion (Fig. y) at precisely the time when 
nuclear absoijitioii is lulling most sharply. The rajudity of the rise is not sur¬ 
prising since tlic first nucleai etlccts ol the ultra-violet will be on the outermost 
chromatin, Iroin which brcaktlown j)rocliicts could readily diffuse thiough the 
nuclear membrane into the cytojilasin to cause the obsoived lisc in ahsoiption. 
Later the cytoplasmic absorption returns to its original value, or even a litth* 
lower (h'ig. 9), but it is clear that the fall in absorption observed when measur<‘- 
menls are niad<‘ on the nucleus cannot he due to deciejising absorption m the 
thin lay<‘!s of cyloidasm abov(‘ and below the nucleus and must be a true nuclear 
j)henoin<‘non. 

In ()ul<‘r to discover moie alxait the nature of the fall in nuclear absorption 
the tt*sts w(‘n‘ icpeated with two main kinds ol alteration in expczimental con¬ 
ditions : (i) introduction of a dark period ; (li) incorporation of various substances 
into the Ringer solution. A daik peri(»d arrests the fall in absorjition, but the 
latter is usually comjdcted when the ultia-violet light is switched on again 
(Fig. 10). For the testing of various possible activators or inliibitors, the cells 
were mounted directly in Ringer solution, buttered to pll 7-6, containing an 
appropriate concentration of the test substance. Sodium azide (0*0iM to 
0-001M), which inactivates heavy metal enzymes and carriers, had no eticct. 
Tfenco, as cx])cctetl, none of these compounds is involved in bringing about the 
fall ill absorption. Jtather more siirjirising w'as the fact that that cysteine, 
over a similar range of concentrations, was also without eflcct; tlic significance 
of this finding will be discussed below. On the contrary, the only .substances 
which did prevent the fall in absorption were those which in some way destroy 
or alU‘r sulphydryl (SH) groups, viz. : O’OoozM /)-chlormercuribenzoatc, 
O'OOOiM mercuric chloride (lioth mcrcaptide-forming), 0’0005M iodosobenzoate 
(oxidizing), o*oorA1 iodoacotamide (alkylating). The colls were in contact 
with these substances for 3 to 10 mm. before measurements were made and the 
obht'rvaiionH were repeated on 10 to 20 cells for each substance. (Fig. xi). 


Discussion 

The most striking feature of the results described above is the great 
variation between the reactions of different colls to ultra-violet irradiation. 
This is not perhaps surprising between cells as different as stem cells 
of bone mfirnzw and mature erythrocytes. The sarcoma cells, however, 
are rather similar to bone marrow stem cells, in that both possess large, 
heavily absorbing, but not pycnotic, nuclei, and on the other hand they 
have several general characteiistics in common with fibroblasts. Yet 
their reactions to ultra-violet irradiation differ markedly from the reactions 
of both these cell types. 

With regard to the condition of the cells, it should be stated that the bone 
marrow cells, lymphocyte's, thymocytes £ind sarcoma cells which showed 
high absoqition w<‘re neither pycnotic nor moribund at the commence¬ 
ment of the al)sor|)tioii measurenunils. It would have Ix'tui Ix'tter if 
(as Dr. C. O. Warrt'U suggeste<l to us) tlu'y luul been mounted in mouse 
serum ultra-filtrate, bul tliis unfortunately was nf>t available. However, 
it is wt*ll known that bone marrow maintains its oxj'^gen uptake in nutrient 
salt solutions hi vitro for sc*v<*ral hours. MoreovtT, tissue oxplants destined 
for cultivation in vitro survive similar periods in Ringer solution at room 
temperature—or ev<'n overnight in an ice-box. It is most unlikely, 
therclore, that the c<‘lLs studied Ikto, which were mounted in buffered 
Ringer solution and examined in most cases only 5 min. after the death 
of tlie mouse, had undergone ary serious det<‘rioration. 

At the moment, no explanation can be offei’od of tiie striking increase 
in absoriition of vertebrate rod blood cells. Their membranes are not 
normally in a state of tension and during the ultra-violet induced shrinkage 
which often leaves a cell J to i of its original volume, the membrane some¬ 
times (but by no m<jans always) develops wrinkles. Vexy peculiar effects 
are often observed on the extreme periphery of the irradiated field, where 
the ultra-violet intensity is very low. Hero cells may become spherical, 
or half a cell may shrink while the other half retains its normal dimensions. 
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Therefore, unless there can be very localized osmotic changes in the cells, 
the shrinkage must be due primarily to active shrinkage of the membrane. 

As mentioned earlier, most attention was devoted to study of the fall 
in nuclear absorption caused by ultra-violet irradiation of l;^phocytes, 
thymocytes and bone marrow stem cells. This fall may be due to one or 
more of at least five causes, (i) It might, firstly, be due to swelling of the 
nucleus, so that all absorbing substances became more dilute, but no 
evidence of swelling can be obtained from photographs taken before and 
after irradiation. (During the life-history of a red cell there is, therefore, 
a complete change in reaction to ultra-violet irradiation; in the same 
irradiated field of bone marrow cells, there will be erythroblasts which 
have undergone a fall in nuclear absorption, but remained constant in 
volume, and mature erythrocytes which have shrunk to less than half 
their original volume.) (ii) There might be some change in the molecular 
orientation of the nucleic acid of the kind discussed recently by Commoner^® 
and by Pollister and Swift, 1* but in order for a fall in absorption to occur 
on this basis there would presumably have to be increased orientation in 
the fine structures containing nucleic acid as a result of ultra-violet ir¬ 
radiation and this seems rather unlikely. It also seems unlikely that the 
interesting shift in the absorption peak of yeast ribonucleic acid caused by 
ribonuclease depolymerization is of sufScient magnitude to account for 
the present observations, though in view of the extensive changes in ab¬ 
sorption spectra caused by various kinds of polymerization and aggregation 
(briefly reviewed by Commoner and Lipkin i®), such effects cannot be alto¬ 
gether excluded here, (iii) Nucleoproteins, like other cell contents, are in 
dynamic equilibrium and it might be that the ultra-violet light inhibited 
the synthetic enz3mies, but left unchecked the enzymes responsible for 
breakdown of nucleoproteins. The latter would then dimmish in amount 
and the absorption would fall accordingly. Not only is the fall in abso^- 
tion rather rapid to be enzyme-mediated, however, but the protective 
action of SH-mhibitors and the absence of any protection by cysteine 
also argue against this view, since enzyme inhibition by ultra-violet light is 
sometimes due to destruction of vital SH groups. If this were the case 
here, cysteine would prevent the inactivation of the synthetic enzymes 
and arrest the fall in absorption, but it has no such effect, (iv) The fall 
in nuclear absorption might be primarily due to a permeability change in 
the nuclear membrane, allowing leakage without much breakdown of 
nucleoprotein, but one would hardly expect this change to be reversed, 
and the leakage arrested, when the ultra-violet light is switched off. How¬ 
ever, the fall in absorption does, in fact, appear to cease completely during 
dark periods of from 2J to 5 min. (v) The fall in nuclear absorption might, 
as already suggested, be primarily due to a depolymerization of nuceo- 
protein by those wavelengths of ultra-violet close to the nucleic acid and 
protein absorption peaks, with immediate leakage of the breakdlown 
products. The changes detected in the cytoplasm are in favour of this 
view and it is noteworthy that if it is the true explanation, only a part 
of the nucleoprotein is so affected because the curve of absorption against 
time flattens out after about 10 min. Indeed, it may well be that only a 
part of the nuclear nudeoproteha is labile ; studies 1® with P as weU as 
by direct analysis show that there are several quite distinct nucleo¬ 
protein fractions in cell nuclei. 

There are, moreover, numerous points from related work in favour of 
this last interpretation. Briefly, these show (i) that photo-chemical de- 
polymerization of nucleic acids is possible in vitro ; (ii) that the breakdown 

Commoner, Science, 3 : 949 » no, 31, and 1950, in, 71. 

“ Pollister and Swift, Science, 1950, 111, 68. 

Kunitz, /. Biol, Chem,, 194.6, 164, 563. 

Commoner and Lipkin, Science, 1949, 110,41. 

Marshak, /. Cell, Comp. Physiol,, 1948, 32, 381. 

Mbrsky and Ris, J. Gen. Physiol., 31, 1. 
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products can leak out of cells. Hollaender, Greenstein and Jenrette 
found that solutions of desoxynbo-nucleic acid undergo a very* considerable 
decrease in viscosity* under the influence of prolonged ultra-violet irradiation 
and this is very probably due to extensive breakdown of the molecules, 
Loofbourow and his co-workcrs have shown in many papers that 
during ultra-violet irradiation of yeast, there diffuses out into the suspending 
medium a variety of proliferation-promoting substances, chief among them 
being various nucleotides which may well be breakdown products of 
nucleic acids. Hevesey and Zerahn took yeast grown in the presence 
of **P, transferred it to normal medium and measured how mucdi radio- 
phosphorous leaked out as the cells continued to metabolize. They then 
exposed the cells to ultra-violet light and found a large increase in the 
amount of acid-soluble again probably nucleic acid breakdown pro¬ 
ducts, which leaked out; X-rays caused no such increase. In the experi¬ 
ments described here, the fact that the absorption curve from 2650 A to 
2800 A before irradiation is parallel with that after irradiation suggests 
that both nucleotides and peptides are escaping (as in Loofbourow* s 
studies on yeast). Indeed it is highly probable that proteins or peptides 
are involved at some stage in the changes leading to the fall in absorption 
in view of the stabilizing effect of the sulphydryl inhibitors, since SH groups 
are absent from nucleic acids but common in proteins. (Nuclei contain 
many other proteins than simply the basic histones and protamines, and 
Gulick has shown that they possess considerable amounts of sulphur.) 

If this view based on depolymerization and leakage is correct, then it 
appears from the results with SH inhibitors that in the presence of certain 
SH groups some nucleoprotein is labile and susceptible to depolymerization 
by ifltra-violet light, but that when these SH groups have been destroyed, 
this nucleoprotein becomes more stable and no longer is broken down by 
irradiation. In this respect there are also several previous studies worth 
recalling. Brachet has shown that in the rapidly metabolizing, develop¬ 
ing eggs of Tfiton cristattts, granules rich in ribonucleic acids are also 
rich in SH groups, whidi becomes understandable if the latter facilitate 
nucleoprotein breakdown and resynthesis. ChaJkley*® has shown an 
interesting fluctuation in the SH content of an Amoeba during mitosis. 
SH concentration is high in the non-dividing nucleus, when substances are 
passing between nucleus and cytoplasm, but at metaphase the chromo¬ 
somes undergo a sharp fall in SH content, when as far as is known the 
nucleic acid is firmly bound to them. Hughes *• has studied the effect of 
SH inhibitors on mitosis in tissue cultures and found not only inhibition 
of spindle formation, but also inability of chromosomes to resume their 
interphase condition and form nucleoh during telophase, which again is 
in accordance with the view that certain SH groups are essential for 
breakdown and building up of nucleoprotein complexes. Evidence of a 
rather different kind comes from study of bacterial nucleoprotein. Henry 
and Stacey have stated that ribonucleotides removed from bacteria by 
treatment with bile salts can be recombined with the organisms provided 
the latter have been treated with a reducing agent. The significance of 
the reducing agent is not entirely clear, but among other things it wifi 
mean that SH groups will exist as such, rather than being in the oxidized 
SS form. A suggestive parallel at the level of mononucleotides instead 
of polynucleotides is seen in the effect of SH inhibitors on actomyosin.** 

Hollaender, Greenstein and Jenrette, /. Nat. Cane, Inst., 1941, a, 23. 

^ Loofbourow, Oppenheim-Eixera, Loofbourow and Yeats, JBiochent. J., 1947, 
41, 122. 

Hevesey and Zerahn, Acta Radiol., 1946, 27, 316, 

Gulick, Proc. Vllth Jnt. Genet. Congr,, ig^g, p. 139* 

Brachet, Emhryologie Chimique, (Desoeur, Liege, 1947, 2nd ed). 

Chalkley, Protoplasma, 1937, a8, 489. 

Hughes, J. Roy. Micr. Soc,, I949» 69, 215. 

Henry and Stacey, Proc. Roy. Soc. B, 1946, I33» 39 
** Bailey and Perry, Biochim. Biophys. Acta, 1947, 
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If certain SH groups are destroyed in this enzymic muscle protein, it can 
no longer combine with and split its specific substrate, the mononucleotide 
adcnosinetriphosphatc. It may be that future work will prove these 
phenomena to have less in common than appears at the moment, but as 
far as can be judged at present, they all seem to be in agreement with the 
view that changes in the state of SH groups can have a marked afiect on 
the ease with which nucleic acids and nucleotides can dissociate from, 
or recombine with, certain proteins. It must be remembered, however, 
that the fall in nuclear absorption may prove to have a different explanation 
from that developed above, in which case the stabilizing effect of SH in¬ 
hibitors, though none the less interesting, would also have to be interpreted 
differently. 

In conclusion, it is appropriate to review the three main problems 
raised earlier in this paper. Firstly, the extent to which ultra-violet 
microspectrography can be applied to living cells evidently varies from 
cell to cell. Under the conditions of these experiments, there was a safe 
period for observation of only a few seconds with the bone marrow cells, 
of about a minute with vertebrate erythrocytes and of many minutes with 
the mouse sarcoma cells. This does not necessarily mean that the sarcoma 
cells were living at the conclusion of the observations, but simply that 
absorption measurements could be made on them for several minutes 
without getting false values. The problem of making absorption measure¬ 
ments and keeping the cells in healthy condition so that they will go on 
living is obviously much more difficult, but should be facilitated by the 
reffecting microscope techniques described by Barer and Mellors,** 
though it is doubtful whether the photographic recordmg used at present 
can ever be as accurate as photoelectric recording. On the second problem 
of to what extent fixation alters absorption, insufficient results have been 
collected to support definite conclusions and obviously this important 
subject requires extensive separate treatment. In frozen dried lympho¬ 
cytes and bone marrow stem cells mounted in glycerol, however, nuclear 
absorption showed little change from that of living cells provided pre¬ 
cautions were taken to prevent solution of the nucleo-proteins, which retain 
their normal solubility after freeze-drying. Finally, it is evident that 
although living cells do show appreciable and significant absorption from 
the earliest moment from which they can be observed, their absorption 
does, in some, but not all, cases undergo important changes as irradiation 
continues. Study of the nature of these changes in absorption may yield 
considerable information about conditions inside the cell. At the moment, 
the chief point which has emerged in this way is that certain sulphydryl 
groups appear to exert a marked effect on the stability of one fraction of 
the nuclear nucleoprotein in bone marrow stem cells. 

I am much indebted to Dr. I. Gersh for allowing me the use of his 
ultra-violet equipment ; to Dr. M. Errera (Facult^s dcs Sciences, Uni¬ 
versity fibre de Bruxelles) who participated in many of the experiments 
described ; and to the Commonwealth Fund for a Fellowship which made 
the work possible. 

Department of Pathology, 

University of Illinois Medical School, 

Chicago 12, III 
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GENEBAL DISCUSSION 

Dr. R. Barer {Oxford) said : In view of the remarks made in Seeds 
and Wilkins's paper and in the discussion, I feel that I should say a few 
words in defence of the Weinstein spectrograph. Mr. Weinstein was 
commissioned by me to design a spectrograph speciall}’- suitable for some 
work I was doing with the Burch microscope. For this purpose I needed 
a spectrograph of high dispersion, but optically very well corrected, so 
that the image of a cytological specimen should not be distorted. It 
seems a little unreasonable to blame a spectrograph for the deficiencies 
of the mercury lamp (or any other source). It should also be pointed 
out that the use of any other spectrograph, no matter what its dispersion, 
would still not affect the characteristics of the source. 

Dr. E. Schauenstein (Graz) {communicated) ; Prof. M. Pestemer has 
drawn attention m connection with the paper by Beaven, Holiday and 
Jope to the publications of Schauenstein and co-workers of the University 
of Graz. During the last years, Schauenstein and co-workers (Biirger- 
meister, Fixl, Stanke and Treiber) have studied the ultra-violet absorp¬ 
tion of fibie proteins.^ They have found that the absorption of acto- 
myosin, collagen and silk fibroin between 20000 and 42000 cm.”^ is com¬ 
posed of {a) the absorption belonging to the chromophorous amino acids 
present, (6) an additional absorption due to the peptide grid. This 
additional band has the following properties ; 

(i) It has a very flat contour with a smeared-out maxima at about 
25000 and 40000 cm.”^. The intensity of absoiption at 40000 cm.-^ is 
comparable with that of proteins containing aromatic ammo acids. At 
35000 cm.-i the region of absorption maxima of tyrosine and tryptophane, 
the additional band, however, does not interfere with the method of 
Holiday for quantitative estimations of these amino acids. 

(ii) The baud disappears if the proteins are submitted to alkali or 
fermentation hydrolysis. 

(iii) It shows a certain intensity even at low pH values and increases 
with increasing pH, in accord with the law of electrolytic dissociation. 
This effect is reversible. 

(iv) The intensity of the band depends on mechanical deformation, 
i.e, it increases on stretching and decreases on contractions. These effects 
may be reversible (as in collagen) or irreversible (as in silk fibroin and 
actomyosin), according as the deformation is reversible or not. 

(v) Measurements with polarized ultra-violet light offer the possi¬ 
bility of determining the jKDsition of regularly arranged chromophorous 
groups. Therefore, O. Kratky suggested an investigation of fibre proteins 
using this method. It was found by this means that in some exception¬ 
ally well crystallized samples of silk fibroin the main axis of absorption 
of the new chromophorus forms an angle of ca. 40® with the fibre axis.® 
In collagen ® a composite arrangement was found, i.e. the main axis of 
absorption runs parallel in part to the fibre axis, and in part it forms an 
angle of ca, 50® with it. The structure of silk fibroin is already well known 
on the basis of X-ray measurements and is in good accord with the 
spectrographic result. In collagen the spectrographic measurements 
allowrs one to select from the number of proposed models the most 
probable structure which is in accord with the X-ray diagram as well as 
with the absorption spectrum. 

(vi) The band is closely connected with the existence of interchain 
hydrogen bonds. A cleavage of these bonds leads to a decrease in ab¬ 
sorption and the pH dependence disappears to the same extent. All 
these results point to the conclusion that Schauenstein and co-workers 

' See summarizing article by Schauenstein, Monutsh., i949» So, 821, 843. 

* Schauenstein, Fud and Kratl^, Monatsh,, i949i 80, M 3 * 

* Fixl, Kratky and Schauenstein, Monatsh,, I949» 439- 
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have observed the cnolization of the peptide groups, i.e. the additional 
band may be ascribed to the —C=N— groups. This chromophorus 

ni) 

group is not necessarily present in each protein but it can be formed if 
extended systems of hydrogen bonds render the cnolization possible. 
Schauenstein has therefore suggested that this group bo named the 
“ peptenol ” group and their ultra-violet absorption band, “ ' 

absorption.^ 

Dr. G, H. Beaven and Dr. E. R. Holiday [London Hospital) [partly 
communicated) : Supplementing the remarks made in our paper on the 
value of the logarithmic-cam moving-plate technique for the study of fine 
structure in the ultra-violet absorption spectra of the aromatic amino 

TABLE I.— ^Fine Structure Bands in the Ultra- 

All substances examined at pH 6-8 by 


Subbtanccs 





Wave 

Foetal human haemo¬ 
globin , 




2533±3 

2588 ±5 

Adult human haemo¬ 
globin . 

__ 

—— 

_ 

253i±3 

2588 ±3 

Egg albumen (cryst.) . 

— 

— 

— 

^533 

2591 

Ox serum albumen 
(cryst.) . 

_ 


_ 

2525 

2585 

Gelatin (sol) 

— 

— 

— 

2530 

2581 

Insulin 

— 

— 

— 

2526 

2.')85 

Nucleohistone . 

— 

— 

— 

— 

— 

Solubilized wool 
a-keratin 


_ 


2523 

2580 

Lysozyme. 

— 

— 

— 

2521 

2581 

Chymotrypsin . 

— 

— 

— 

2529 

2581 

Tr^sin . 

— 

— 

— 

— 

2583 

Pepsin 

— 

— 

— 

— 

^2590 

j5-Phenylalanine 

(2350-66)* 

24i6-£i 

2^66 ±1 

2516-7 

3575-fi 

Tyrosine . 

— 

— 

— 

— 

— 

Tryptophan 



—— 




♦ Bands in parentheses are listed by McLaren (/oc. cif.) 


acids and of polypeptides and proteins containing them, Fig. i and 2 
are negative prints of some typical spectrograms obtained by tliis method. 
It should be noted that despite the use of high-contrast paper for pre¬ 
paring the prints, there is appreciable loss of detail on reproduction and 
additional toe structure features can easily be seen on the original plates 
{compare Fig. i [a and b) and the bands listed in Table III of our paper 
for phenyl alanine). 

Cemparison of [a) and [b) in Fig. i clearly shows the increased resolu¬ 
tion ol the band at 2610 A at pH 12, which is present only as a very faint 
inflection at 2603 A in acid and neutral solution. The spectrogram [c) 
for tjnrosine at pH 6 shows the characteristic inflection at 2819 A and the 
maximum at 2745 A. The original plates also reveal a very shght in¬ 
flection at ca. 2670 A which h^ been observed by other workers (see 
McLaren (1949) for references). Fig. i (d) for tryptophan shows the 
well-resolved maximum at 2880 A which is the most striking feature of 
logarithmic-cam spectrograms of polypeptides and proteins containing 

* Kxatky and Schauenstein, Z. Katurforsch., 1950, 56, 281. 
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tryptophan, and which is V3ry well suited for the study of the displace¬ 
ments to longer wavelengths which occur when the aromatic amino-acid 
residues are combined in peptide linkage and exist in certain molecular 
environments. 

Table I gives the positions of the fine structure of a number of proteins, 
arranged to alLow for comparison with the free aromatic amino acids. 
The correlation of the bands is fairly certain for phenylalanine, but less 
so for tyrosine and tryptophan due to overlapping in the 2700-2800 A 
region. The long--wave maximum of tryptophan is easily identified, 
however, as it is well separated from the other tyrosine and tryptophan 
bands, both in the free amino acids and in proteins. The greatest long¬ 
wave shifts observed for this band are to 2916 A in pepsin (Lavin and 
Northrop (1935) reported 2900 A) and to 2914 A for egg albumen (Coulter 

VIOLET Absorption Spectra of Proteins 

the logarithmic-cam moving-plate method 


length in A 


2618 ±2 

2649 ±3 

2686 ±6 

2737 ±3 

2787±5 

283I±3 

2898 ± I 

2621 d; I 

2649 ±2 

2687^3 

2739±2 

2785 ±5 

2835 ±10 

2910 ± I 

2622 

2653 

2691 

2743 

2803 

2854 

2914 

— 

2644 

2682 

2726 

2781 

2850 

/-W29OO 


2639 

2775 


2755 

2827 

— 


2643 

2683 


2762 

2833 

— 


2642 

2685 


2755 

2835 

— 


2641 

2681 


2759 

2833 

— 


2635 

2689 

2741 


2823 

2911 

2612 

2640 

2680 

2741 


2827 

2911 

— 

2648 

2687 

— 


2832 

2909 

— 

-^655 

— 

— 


^^840 

2916 

2603 

2635 

2673-4 

(2715) 

— 

— 

— 

— 

— 

C2670 


2745 

2818 

— 




2710 


2795 

28SO 


but have not been observed in the present -work 


et aL (1936) reported 2923 A). The discrepancies with the earlier results 
are most probably due to differences in experimental technique. In a 
very large number of observations with foetal and adult human haemo¬ 
globin, we have found it possible to locate the tryptophan fine-structure 
maximum with a precision of i i A, and we have been able to use the 
position of this maximum to estimate the proportions of adult- and foetal- 
t3rpe haemoglobins in foetal and early adult bloods.* 

Supplementing the data in Table III of our paper on the effect of 
environment on the position of the tryptophan fine-structure maximum 
we have obtained the following results for a tryptophan dipeptide : 

^max {^) 

Tryptophan (free acid) .... 2880 

Glycyl-tryptophan (in water) . . . 2890 

,, ,, (in gelatin sol) . . 2890 

,, ,, (in gelatin film) . . 2917 

* Beaven, Hoch and Holiday, Biochem, J. (in press). 
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It is interesting to note that in a gelatin film the additional long-wave 
shift brings the tryptophan maximum to about the same position that 
it has in proteins. 

Fig. 3 (a) shows the moving-plate spectrogram of a solution of egg 
albumen. The original plate reveals the finc-structurc features of phenyl¬ 
alanine, tyrosine and tr5’'ptophan listed in Table I, and most of these are 
visible in the reproduction. For comparison, Fig. 5 [b) of our paper is 
a spectrogram of the same solution recorded on our automatic spectro¬ 
photometer, to show the superiority of the moving-plate method for the 
detection and location of fine structure. 

With regard to the question of characteristic absorption by the 
** peptide grid discussed by Prof. Schauenstein, wc have given in our 
paper some evidence which, in our view, invalidates the earlier sug¬ 
gestion by Anslow on this subject. Some further criticisms of Anslow's 
more recent work are given in the Discussion on her contribution to this 
meeting. The evidence obtained by Schauenstein and his co-workers 
appears to be free from some of the experimental weaknesses of Anslow's 
work, but we arc still not convinced that the alleged absorption of the 
polypeptide “ fabric ” or grid has been uncquivocably demonstrated. 
For example, the net change in intensity of the aromatic " absorption 
band of a protein on enzymic digestion is very small (and may be either 
positive or negative) even though the extent of degradation may be 
suf&cient to cause a perceptible short-wave shift of the band, indicative 
of considerable reduction in complexity of the substrate relative to the 
nature protein. Such a change would be expected to result in con¬ 
siderable reduction in the “ fabric ** absorption. 

In addition we suggest (for reasons given below) that the interpretation 
of ultra-violet absorption measurements of proteins in highly alkaline 
solution (pH 13) must be made with great caution, because of errors 
arising from apparent absorption caused by turbidity, which sometimes 
accompanies the slow alkaline denaturation that occurs under these con¬ 
ditions. 

In view, however, of the importance of intra- and inter-chain hydrogen 
bonds in folded and extended proteins respectively (see Elliott and 
Ambrose, this Discussion, for references), and their role in the formation 
of the “ peptenol ” chromophore suggested by Schauenstein as the origin 
of the peptide “ grid ” absorption, we agree that the further investigation 
of this subject is of great importance. 

In a personal discussion. Prof. Ketalaar stated that Havinga and 
Bruigom (Leiden, unpublished work) have observed that at pH 13 the 
absorption of some proteins increases with time, and pointed out that 
such behaviour could invalidate the spectrophotometric estimation of 
tyrosine and tryptophan in proteins. In our earlier analytical studies • 
such an effect was not observed, though it must be pointed out that the 
Spekker photometer used in this work was not well suited for the measure¬ 
ment of rapid changes in optical density at selected wavelengths, which 
can be done however with modem photo-electric spectrophotometers. 
In collaboration with Mr. R, G. S. Johns we are making a study of these 
time effects in the pH range 11-13. 

The largest effects have so f^ been found for bovine plasma albumen, 
which in N/io sodium hydroxide shows an apparent increase in optical 
density of ca. 12 % at 2900 A and of ca, 17 % at 2800 A during a period 
of 3 hr. at room temperature ; simultaneously the low absorption outside 
the band, e.g. at 3500 A, increases by some 30 %. Subsequently the 
absorption intensity within the band tends to decrease slightly while the 
low long-wave absorption continues to increase somewhat; filtration 
shows that a large proportion of this long-wave absorption is due to 
light-scattering by suspended material which was not present initially. 

• Holiday and Ogston, Biochem, 1938, 32, 1166. 



(«) 


{b) 




(c) (d) 


Fig. I. —Logarithmic-cam, moving plate spectrograms. 

(t/) jg-Phenylalaniiie (pH 0) {c) Tyrosine (pH h) 

{b) jS-Phenylalanine (pH li) (d) Tr^’-ptophan (pH 0) 

Taken on Hilgcr medium quartz spectrograph (slit 0*15 mm.) with hydrogen 

arc source. 
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(c) 

(rtf) Gelatin sol (pH 6) 
(6) Insulin (pH 6) 


Fig. 2. 


(d) 

(c) Polyin^Tcm (pH 3) 

((/) Gramicidin (in ethanol). 


Experimental conditions as for Fig. i. 



(a) (b) 

Fig. 3.—^Egg albumen at pH 6. 

(а) Logarithmic-cam, moving-plate spectrogram. 

(б) Direct tracing of record from automatic spectrophotometer operated 
at 10 A spectral band width. The ordinate of the record is linear in optical 
density and the abscissa is linear in wave number. 
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With bovine plasma albumen these time effects are very small at pH lo-ii 
but increase progressively at higher pH values ; above pH 12 the absorp¬ 
tion probably increases significantly during the 1-2 min. required to make 
up the best solution and &1 the cell. 

Smaller time effects have been found with some other proteins ; at 
pH 13 and 2900 A, horse serum albumen increases 3 % in i hr., and 
rabbit y-globulin 5 % in 2 hr., both to steady values. Lysozyme does 
net alter at pH 13, and furthermore shows no low-intensity absorption 
outside the band. 

Experiments with trypsin at pH 13 on an automatic recording spectro¬ 
meter showed that the density at the maximum (2890 A) does not in¬ 
crease more than i % up to 3 min. after mixing and then falls very slowly 
while the solution becomes \’isibly turbid. 

Our tentative view is that these time effects are due to the breakdown 
of hydrogen bond structures involving tyrosine hydroxyl groups as en¬ 
visaged by Neuberger and Crammer, on which are superposed more 
drastic irreversible changes associated with alkaline denaturation, such 
as the opening of S—S bonds which certainly occurs with bovine plasma 
albumen at pH 13. It is noteworthy that lysozyme, which shows no 
time effects at pH 13, is known to be very rejsistant to denaturation and 
its absorption spectrum changes with pH quite reversibly (up to N/io 
alkali) provided that oxidation of the proteins does not occur.’ In our 
experience this oxidation is revealed by the appearance of a new inflection 
in the alkaline absorption band at ca. 3030 A, together with additional 
low-intensity absorption extending to the visible. 

Further work will be required on other proteins to see if such alkaline 
time effects are of common occurrence and if they are of sufficient mag¬ 
nitude to invalidate the spectrophotometric estimation of tyrosine and 
tryptophan in nature proteins. 

Prof. B. Commoner {Washington University, Saint Louis) said : The 
development by Br. EngstrOm of a method for determining the mass of 
cells and cell structures is an important contiibution to tlie problem of 
intepreting the data of visible and u.-v. absoption microspectrophoto¬ 
metry. Although microspcctrophotomatric measurements give estimates 
of the amount of certain substances present in an entire cell, it has until 
now been impossible to determine the proper denominator which should 
be used in comparing the content of two different cells. Concentration 
expressed as amount per unit cell volume is unsatifactory since in many 
cells the volume is subject to large alterations induced by osmotic phe¬ 
nomena. The obvious denominator required for such a quotient is dry 
weight, and until the development of Dr. Engstrom's elegant methods it 
was not possible to measure the dry weight of a cell in situ. Now by 
combining u.-v. and visible absoption measiiremcnts with X-ray al> 
soption determinations it is possible to obtain for the first time a 
quotient which provides a valid means of comparing the composition of 
two different cells. 

Dr. I. MacArthur {Leeds University) said : I would like to endorse 
Prof. Commoner's appreciation of the importance of Dr. Engstrom’s work, 
which we at Leeds have followed with the greatest interest. In the 
alternative method of electron micro-analysis as developed by Ruthmann 
and by Hillier, a fine electron probe irradiates the specimen and the 
transmitted energy spectrum, resolved by a homogeneous magnetic 
Z)-analyzer, is found to be peaked by losses in positions (and magnitudes) 
indicating the atoms (and their concentrations) whose characteristic 
X-ray levels have been excited. K levels of C, N, O, Be, Al, Si and L 
and M levels of Fe are typical. While the technique “was well advanced 
several years ago in respect of resolution, supply control, and mininoal 
quantity assay able (/^io-^*g.), I gather from Dr. Le Poole that Dr. 

’ Fromageot and Schnek, Biochem, Biopkys. Acta, 1950, 6, 113. 
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Hillicr has some reservations as to its future and scope. At present 
Engstrom's method is quantitatively the more developed; one difficulty 
is to secure an X-ray A spectrum to give maximum general efficiency. 

Prof. B. Commoner {Washington University, Saint Louis) said: By 
failing to consider the effect of the geometry of living fibroblasts on the 
u.-v. absorption spectra of these cells, Walker and Davies have, I believe, 

1 alien into errors which api^ar to invalidate certain of their quantitative 
coiiclusious. 

The extinctions which they report for the nucleus and nucleolus of 
intact fibroblasts cannot with any degree cf precision be assigned to these 
structures. Since the nucleus is embedded in the cytoplasm of the cell, 
the extinctiofis which they assign to the nucleus are in fact not due to 
that structure alone but to the added absorption of the nucleus and two 
layers of cytoplasm. The values reported by Walker and Davies as 
extinctions of the nucleolus are in actual fact the absorption due to the 
nucleolus plus the absorption, of two layers of cytoplasm and the depth 
of the nucleus not occupied by the nucleolus. Consequently, the ab¬ 
sorption spectra shown in their Fig. 5, which are supposed to represent 
the nucleus and nucleolus respectively, do not in fact describe the u.-v. 
absorption characteristics of these structures. Similarly, the absorption 
spectra shown in their Fig. 7 do not necessarily show the changes in the 
absorption characteristics of the nucleus induced by radiation. In the 
absence of additional information it would be of equal validity to ascribe 
the changes shown in this figure to differences in the absorption of the 
overlying cytoplasm before and after irradiation. 

One may, of course, argue that since the tissue-cultured fibroblast is 
very flat, only a negligible amount of cytoplasm lies over and under the 
nucleus and that the absorption of this thin layer may be safely ignored. 
This is an unwarranted assumption. Since Walker and Davies have 
not obtained data on the distribution of the u.-v. absorbing material in 
a given optical section of the cytoplasm the possibility exists that a 
sigS^caat fraction of the total absorbing material in such a section is 
concentrated uear the cell surface. They state that the optical density 
of the cytoplasm of a living fibroblast may be greater than that of the 
“ nucleus (actually, nucleus plus the surface cytoplasm layers) and the 
optical density of the cytoplasmic layers over and under the nucleus 
might therefore approach that of the nucleus itself. Walker and Davies 
conclude that the amount of u.-v. absorbing material in the nucleus 
decreases '* to about 70 % of its initial value after irradiation. From 
this statement, one must conclude tliat the authors feel that their values 
for the extinctions of nuclei are accurate to at least 30 % of the initial 
measurement. It seems to me that an error of at least 30 % may be 
involved in their neglect of the absorption due to the cytoplasmic layeis, 
and that their conclusion concerning the changes due to irradiation is 
therefore open to serious question. 

The errors in the extinctions which Walker and Davies ascribe to the 
nucleolus arising from their neglecting to consider geometric factors must 
be large indeed. In this case the nucleus contributes a depth of absorbing 
materikl equivalent to or greater than the nucleolus itself, and the ex¬ 
tinctions attributed to the nucleolus must be too high by a factor of at 
least 50 %. 

As has been pointed out in my own contribution to this Discussion, 
it is possible to obtain the actual absorption spectrum of the nucleus oi 
certain intact li^ing cells. This cannot be done as Walker and Davies 
have attempted to do, by measuring a single absorption spectrum through 
an optical section which includes the nucleus. Three absorption spectra 
must be measured to provide data which lead to the calculation of the 
absorption spectrum of the nucleus itself. A minimum of five absorption 
spectra would be required for determination of the absorption spectrum 
of the nucleolus. 
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Finally, it is even questionable these methods would be apphcablc 
to a cell such as the fibroblast in which accurate measurements of the 
thickness of various absorbing layers must be exceedingly difficult. The 
entire procedure might be defeated by random changes in the distribution 
of the u.-v. absoibing material in the cytoplasm. It might, in fact, be 
literally impossible to obtain from such a cell absorption spectra which 
can be validly ascribed to the nucleus or to the nucleolus. 

This pessimistic conclusion raises a question which appears to me to 
merit serious discussion at this point in the development of the field of 
microspectrophotometry: What are the purposes of microspectrophoto- 
metric studies of cells and cell structures ? II, as I have attempted to 
show, certain types of measurements can be made only on the relatively 
rare cells which are blessed with regular geometrical characteristics, then 
it may be necessary that the overall strategical aims of microspectro¬ 
photometry be approached in such a manner as to permit their being 
investigated in ceUs of this favourable type. On the other hand, re¬ 
examination of the aims of microspectrophotometry might reveal (as 
Dr. Barer has suggested) that in many instances only qualitative results 
are required. In such instances, measurements of the absorption of cells 
such as fibroblasts would be useful, but to avoid reaching unwarranted 
conclusions, we would need to make the frank admission that the data 
are only qualitative. 

Mr. P. M. B. Walker {Biophysics Res. Unit, King's College, London) 
{communicated) : The contributions to this Discussion illustrate the two 
aspects oi an apparent dilemma with which we are faced in working with 
living cells. The thicker cells, such as those used by Commoner, give the 
possibility of accurately measuring the dimensions along the microscope 
axis, but the volume measured is less well defined in the plane at right- 
angles to the microscope axis, owing to the larger measuring spot con¬ 
sequent on the usually higher extinction and the biconical filuminating 
beam.® The very much thinner tissue-culture cell which we have used 
enables us to defce more closely the dimensions in the object plane, at 
the expense of some uncertainty regarding the exact relative thicknesses. 
Living cells are, however, heterogeneous in all three dimensions and are 
in continual motion. It therefore seems likely that, although the shape 
of the absorption curves may give information about the kind of con¬ 
stituent, the exact value of the extinction at a particular wavelength for 
a small area of a cell cannot give any very valuable information unless 
it is clearly related spatially to the morphology of the cell, and temporally 
to stages in the cell's development which were not stated in our case. 
For these reasons we were careful to draw only two conclusions from 
absorption curves illustrated in our paper. These were that an ex¬ 
tinction maximum near 265 m/t similar to that found in fixed material 
wras also found in the li^’ing, and that there -was negligible absoiption at 
312 m^. Since the shape of the two curves were similar both to them¬ 
selves and to that obtained for the cytoplasm (unpublished), neither of 
these conclusions are invalidated by considerations of relative path length. 

A second criticism has been directed against our deliberate neglect of 
absorption due to the over- and under-lying cytoplasm in our integration 
measurements over the nucleus during irradiation. While it is very 
difficult to make accurate measurements of the thickness of these cyto¬ 
plasmic layers the following observations lead us to believe that these are 
probably small compared to the thickness of the nucleus (see also Fell 
and Hughes ®). 

(i) Within the projected area of the nucleus, two thin layers con¬ 
taining^ a few small granules may be observed at the extreme focusing 
position, up and down, at which any material can be focused in the whole 


® Thorell, this Discussion. 

• Fell and Hughes, Quart. J. Microsc. Soc., 1949* 3^2, 274. 
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cell. Just within these extremoR definite nucleiir components such as 
the nucleolus may be focused. 

(ii) The thickness of the cytoplasm measured near the projected area 
of the nucleus is similar to that measured through the nuclear area. The 
cytoplasmic thickness declines towards the periphery. Time lapse films 
show a relatively rigid nucleus surrounded by a more fluid cytoplasm 
which, together with its constituents, flows round the nuclear area. These 
three observations suggest the model of the rigid nucleus pushing apart 
the membranes of a more fluid cytoplasm, the whole cell growing on the 
interface of the quartz and liquid medium. 

There remains the possibility that the bulk of the absorption measured 
in the cytoplasm resides near the cell membrane. This does not appear 
to be true as our measurements of absorption show a progressive decline 
towards the periphery, which can be correlated ^vith the decrease in 
thickness measured in the phase mcroscope. A loss of 30 % of absorp¬ 
tion within the nuclear projected area, due to loss in the over- and under¬ 
lying cytoplasm, which might occur if the absorption was indeed residing 
near the cell boundary would be almost certainly reflected in the rest of 
the cytoplasm, and yet Plate II, Fig. a and 6, and measurements, show 
no great change in the cytoplasm. However, it is precisely between these 
stages that the maximum change in nuclear absorption occurs. Further¬ 
more, when the cytoplasmic absorption is lost to the “ bleb between 
exposures 40 and 90, no significant drop occurs in the amount of ab¬ 
sorbing substance present within the nuclear projected area. 

Finally, may we reiterate that the biological point we sought to 
establish was that no fundamental change in the chemical or physical 
state of the absorbing substances need be assumed to account for the 
great increase in optical density observed during irradiation, independent 
of any explanation assigned to the comparatively small decrease in the 
amount of absorbing substances in the area measured. 

Dr. E, M, P. Roe {Chester Beatty Res. Inst,, London) said : At the 
beginning of our discussions in this section it was stated that we wished 
to know the quantitative accuracy with which it is possible to carry out 
these investigations. I must confess that I am still no clearer than at 
the beginning, and that I share Dr. Commoner's puzzlement on this 
point. Is it a quantitative, a semi-quantitative or a qualitative picture 
which we can expect in such experiments ? Four years ago I spent 
some weeks in Prof. Caspersson’s laboratory and since then have thought 
seriously about this apparatus, for as a chemical spectroscopist in the 
cancer field one is naturally interested in such a tool. 

It seems clear that we should expect a number of limitations to the 
application of this technique. Firstly, the chemical spectroscopist who 
is accustomed to examining solutions of pure materials in a Beckman 
absorption cell can usually assign a particular band system to a particular 
molecular structure with some confidence. But our limited knowledge 
of the absorption spectroscopy of complexes and colloidal solutions, such 
as we expect to find in living tissue, should make us cautious in assigning 
absorption bands in cellular material to specific molecules. The classicsd 
studies of Sheppard and the more recent work of other investigators, 
exemplified by that described in Dr. Holiday's contribution, show that 
small or large wavelength shifts in bands may occur or entirely new bands 
may appear on complex, or micelle, formation. More work of this kind 
is needed. Secondly, our knowledge of the optical conditions necessary 
for accurate work in this field is still extremely limited ; optical theory 
lags behind desired applications. Dr. Barer's contribution was most 
viuable in raising the problem of the type of instrument needed 
for quantitative work; we are waiting for objectives of the aspherized 
reflecting type as most likely to satisfy the optical requirements of this 
part of the apparatus. Thirdly, the object to be examined, in any bio¬ 
logical invesl^ation, limits the application of this technique and the 
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accuracy attainable. It should be pointed out that Dr. Commoner’s 
Coleus leaf hair cells and Dr. Wilkins’ hexagonal tobacco mosaic virus 
crystals in the leaf hairs of the tobacco plant are rather special and rela¬ 
tively simple objects, and it by no means follows that conditions may be 
found for the investigation of most biological objects, as has been sug¬ 
gested. The kind of material in which we are interested is, e.g., the fresh 
cells from fowl tumour caused by Rous virus (u.-v. micrographs taken 
with 1*25 N.A. glycerine immersion quartz monochromat, coixected 
2536 A). The problems caused by the geometry of the cells, cytoplasmic 
material oveilying the nucleus, differences in apparent absorption at 
nuclear boundaries and in cytoplasmic and nuclear structures where 
dimensions are of the order of the wavelength of light used, and which 
vary with the focus and may be due, at least in part, to changes in re¬ 
fractive index, or to diffraction or light scatter—all this makes it dijBBLcult 
to see clearly how to investigate, e.g. variations in purine-pyrimidine 
content in these cells. And they are by no means atypical biological 
objects. 

On the other hand, there are trends in the results obtained by my 
friends from Caspersson’s laboratory, e.g. in nucleic acid investigations 
in tissues, which make one wonder whether many of those errors actually 
cancel out in practice, or are much less important in practice than in theory. 
This is possible. Frankly, I do not know, but I am sure we must be 
cautious in the claims we make for the accuracy of results in this field. 

Dr. B. Thorell {Stockholm) said : With the optics used by Commoner 
as stated in his paper (condenser aperture 1-25, grey objective x 53, 
N.A. 0*7) not all the light passing through the measurement area is col¬ 
lected. In the calculations on the differences in light path a cyhndrical 
section has been assumed. But in measurements using a beam of light 
with an aperture as stated, there is a biconical form of the light beam 
passing through the cell. It can be calculated that with a circular area 
of 5 ft diameter scanned in the centre of a 30 ft thick part of the cell, the 
light beam passing through that area will section the upper and lower 
cell wall by an area of 50 ft in diameter. 

In the curves obtained, for instance Fig. 7, from which Commoner 
had calculated the absorption spectrum for the vacuole and for the proto¬ 
plast layer, it can be seen that the peaks consist of points differing by 
between 98*0 % and 98-7 % in absorption. If, now, the light output 
from the mercury lamp alone is varying about 2 %, is the accuracy of the 
measurement so high that one can Ccdculate somettog from these maxima ? 

Prof. B. Commoner {Washington University, St. Louis) {coymmmicated ): 
Dr. Thorell*s comments concerning the light path in my measurements 
are based on the disparity between the N.A. of the condenser and the 
objective. In actual practice, of course, the condenser is stopped down 
to match the objective, and the difficulties described by Dr. Thorell are 
not encountered. 

Dr. Thorell's statement that the light output of the mercury lamp 
varies by about 2 % does not coincide with the statement actually made 
in my contribution to this Discussion : the variation is 0*2 %. This is 
accomplished by use of a voltage stabilizer and selected lamps. 

Dr. D. F. Cole {Birmingham) said: I must express my doubts as to 
the velocity of the second statistical method employed to estimate the 
significance of the results in Catchpole and Gersh's paper. On the second 
page of the paper the authors state that “ when aU values of all animals 
in each group . . . are treated as if they were from a single animal . . .** 
certain differences appear to be significant. It is not stated how large 
the groups in the class treated with butter-yeUow were, but those in the 
central class were in groups of five. It seems doubtful whether it is 
justifiable to compound the intra-dass variance with the group variances 
in such a way as to derive a larger number of degrees of fireedom for the 
estimate of significance. 
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Unfortunately the details of the experimental grouping are not given 
and so it is not possible to say with certainty which of the two statistical 
methods is valid. Personally, it seems that this treatment which is 
Totorrod to elsewhere as “ more liberal may not be valid. 

Dr* B, Thorell [Stockholm) said : In the type of material used by 
Catchpolc and Ger&h, i.e. sectioned fixed tissue cells, the single extinction 
values at 2652 and 2804 A mean very little as regards concentrations of 
nucleic acids. My experience from liver cells fixed with freeze-drying is 
tliat by far the greatest part of E is non-specific losses of light. Moreover, 
the in homogenous distribution of absorbing substances within, for in¬ 
stance, the liver cytoplasm causes a serious departure from the photometric 
relationships, especially when using as large a measurement area as i /a 
diam. A simple calculation gives a 20-30 % difference simply due to 
inhomogenous distribution. 

Also I cannot agree that these authors have tested Lambert’s law, 
as the specific nucleic acid absorption is responsible for only a small part 
of the light losses measured in the 1-4 sections. What has been shown 
is that scattering, etc., plus nucleic acid absorption is roughly proportional 
to layer thickness from i to 4 /i. 

As can be seen from the results, hepatoma tissue (solid cancer type) 
is an inconvenient material for tins type of macrochemical analyses. 
Even with microscopical control it is hardly possible to state how much 
of a sample taken for analysis consists of actively growing, infiltrating 
cancer cells and how much consists of cells with degenerative changes. 
Even in an actively infiltrating cancer cord there are only two or three 
cell layers without morphological signs of degenerative changes. The 
results of these authors, viz., fall in desoxynucleic acid, higher ^vatcr con¬ 
tent, smaller cytoplasmic particles, etc., might be due to changes m the 
direction of necrobiosis. 

Finally, I would like to say that there is no doubt that the approach 
to the analysis of intracellular nucleic acid distribution at different func¬ 
tional states, using cytochemical techniques, combined with biochemical 
procedures, is very valuable. Much work will have to be done along 
these lines in order to reveal the chemical organization of the cell. 

Dr. H, R. Gatchpole and Dr. I. Gersh [University of Illinois) [com¬ 
municated) : It is difficult, if not impossible, at the present time, to correct 
transmission readings for light scatter at 2652 A and 2804 A, in view of 
the indeterminate range of particle size. We have, however, now'here 
been concerned with absolute values for nucleic acids or proteins. Con¬ 
sideration of light scatter, if this indeed be a large part of the apparent 
absorption, could enter into our comparisons in only two ways: (i) the 
increased values indicated in tumour cells must represent a change in 
the physical state of the protoplasm giving rise consistently to increased 
light scatter after freezing at — 150® C, drying in vacuum, embedding in 
paraffin, sectioning, and treatment with chloroform, alcohol and lan¬ 
thanum-glycerol, or (ii) the “ nucleoprotein ” changes which we find in 
tumour cells are greater than indicated if the conations responsible for 
light scatter remain the same for normal and tumour cells. We consider 
neither alternative very likely. 

Material studied with the ultra-violet microscope was taken from the 
same masses chosen for biochemical studies. It was examined also by 
routine histological methods, and necrosis was not a prominent feature 
in the material used. 

There seems to be some question as to the suitability of liver and 
hepatoma for this type of combined biochemical and ultra-violet absorption 
study. While we often wished that hepatoma would show some pro¬ 
perties more dramatic than slow, inexorable growth, nevertheless, in 
our opinion it remains the most suitable organ for study because of the 
relative uniformity and simplicity of the cells and their contents. 

Prof. B. Ck>mmoner [Washin^on University, Saint Louis) said: Dr. 
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Catchpole states that his tissue sections were 4 ft thick, that the average 
diameter of the nucleus was 5-6 ft, and that of the nucleolus about i ft. 
This being the case, it is apparent that absorption measurements made 
“ through the nucleolus ” must include in addition to the absorption of 
that structure, the absorption of about 3 ft of the nucleus. Yet, the 
extinctions of these complex sections are reported by Catchpole and 
Gersh (their Table I) as representing the extinction of the nucleolus 
alone. This is in my opinion not a valid interpretation of the extinctions 
which they have obtained. Without further data on the distribution 
of the absorbing material in the nucleus, it is not possible to decide what 
part of the absorption which they ascribe to the nucleolus is in fact due 
to that structure and what fraction arises from absorption by the nuclear 
material in which the nucleolus lies. 

Dr. Bradfield states that the effect of the surrounding nuclear material 
on the supposed extinction of the nucleolus is negligible because the absorb¬ 
ing material of the nucleus is largely restricted to its surface layer, which 
is cut off by the planes of the 4 ft sections (the nucleus being 5-6 ft in dia¬ 
meter). Rather than answering the objection which I have raised Dr. 
Bradfield has, I fear, impaled himself on the other horn of the dilemma. 
If the large p^ of the absorbing material of the nucleus has been removed 
with the upper and lower sections cut away from the 5 ft sphere, then the 
meaning of the extinctions assigned by Catchpole and Gersh to the nucleus 
is very much in doubt. The point can be made, that the absorption of 
the nuclear sap is being measured, that the investigation was concerned 
with comparative measurements of normal and tumour nuclei, sind that 
both types of nuclei have been subjected to the same sectioning procedure, 
thus allowing “ relative ** comparisons between them to be mads. This 
procedure can hardly be expected to yield data of biological significance, 
for it is like throwing the baby away and analyzing the composition of 
the bath water. 

Dr. H. R, Catchpole and Dr, I. Gersh {University of Illinois) {com¬ 
municated) : The figures given to Dr. Commoner should be correct^ as 
follows : the smallest nudeolus was about 4 ft and the smallest nucleus 
about 8 ft. It was entirely feasible to select cells in which the factor of 
overlay was negligible. Un l ike the appearance of the nucleus after the 
use of fixatives, the nuclear contents in frozen-dried material are not 
concentrated around the nuclear membrane. 

Dr, R. Barer {Oxfor^ said: The paper by Bradfield and that by 
Walker and Davies are interesting examples of how results of real bio¬ 
logical value may be obtained by a qualitative approach. We now have 
a very good morphological picture of what may happen during u.-v. 
irradiation, and an excellent illustration of the difficulties of worldng on 
living cells. 

In Bradfield's paper it should be pointed out that what is being 
measured is not strictly the absorption but the transmission of the specimen, 
i.e. no correction has been made for non-specific light-losses. It is 
possible to suggest another explanation for the observed effects in terms 
cf variations in hght scattering. If u.-v. irradiation results in a swelling, 
aggregation or coalescence of small particles into larger groups there 
may be an apparent decrease in absorption. If on the other hand large 
partides are broken down or formation of new granules occurs then there 
may be an apparent increase in absorption. Such an explanation would, 

I believe, fit in quite well with some of the effects observed. A change 
in refractive index, with or without a change in particle size, should also 
be considered. 

Dr. I. MacArthur {Leeds University) said: Small-angle diffuse 
X-ray scattering might serve as an independent check on chsmge in the 
refractive component. Variations m the two senses suggested by Dr. 
Barer (partide -»• subpartide quasi-liquid structure) have be^ so 
revealed for vaccioia aM in alginate cationic exchange. 
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Dr. B. Thorell {Stockholm) said : I would like to make some remarks 
in order to avoid misunderstanding of the part of my earlier work which 
Bradfield has cited in his paper. Dealing with the ultra-violet absorption 
of immature bone-marrow cells, the irradiation effect described by 
'was marked in many cases and much work on absorption measurements 
had to be discarded. As I remember, it was also stated in the text “ that 
the object should not be illuminated unnecessarily, as then it is soon 
cytolyzed the term cytolysis including any discoverable change in 
morphology and optical properties during the irradiation which could 
be checked on the phonographic plates. It is interesting, however, to 
have Bradfield*s proper analyses of these (from my point of view) incon¬ 
venient effects, especially as he has thereby foimd a tool for studying 
the behaviour of SH-groups. It is a pity that he has not given the 
amount of energy falling on to the cell, or any data from which this could 
be roughly estimated. 

Dr. J. R. G. Bradiield {Cambridge) {communicated ): I had not thought 
to put.my comments in print, but find it necessary to reply to Prof. 
Commoner, Dr. Barer and Dr. Thorell. 

Prof. Commoner’s neo-Euclidean approach and his colourful analogies 
regarding infant ablutions are indeed refreshing. Like most colourful 
ar^ogies, however, that of Prof. Commoner has little or no relevance 
to the supposed problem arising from the paper of Dr. Catchpole and Dr. 
Gersh. Nor indeed could it have, for the problem does not exist. Those 
who are not unduly cabined, cribbed and confined by geometry will know 
that it is quite easy to select those nucleoli in liver sections which are not 
obscured by overlying or underlying chromatin (as is clearly stated by 
Catchpole and Gersh). Moreover, even if the difficulty could not be 
readily overcome in this way, it would be simple to cut thin sections down 
to, say, if* (with the thia-sectioniag modification of the Cambridge rocking- 
microtome) and thus obtain unobjectionable sections through nucleoli. 
Similarly with regard to the other horn of the imaginary dilemma— 
either by selecting suitably sliced nuclei (which is what Catchpole and 
Gersh did), or by thin sections, one can readily surmount difficulties from 
which the mathematical mind turns helpless a'way. 

Indeed, if anyone has impaled himself on the horns of a dilemma, it 
is Prof. Commoner. In order to prove that his cells were alive. Prof. 
Commoner emphasizes that Euglena maintained its characteristic flowing 
motion and that protoplasmic streaming continued in Tradescantia hairs 
throughout the eleven measurements at different wavelengths. In our 
experience, a very small cell movement completely invalidates any ab¬ 
sorption measurements in progress, unless the area under study can be 
exactly returned to its previous position relative to the microscope. 
Exactly the same difficulty of xe-examming the same spot applies to his 
7-hr. time-lapse comparison in Fig. 3. Moreover it is noteworthy that 
measurements were made on areas 5 ft in diameter. In other words, 
25 times more light was available for measurement than in studies on 
areas i ft in diameter, which may partly explain why absorption curves 
could be obtained without apparent protoplasmic damage. Where 
possible, low intensity measurements on large areas are obviously very 
desirable, but in a cylinder of protoplasm as large as 5 ft in diameter and 
22-60 ft in depth there may weU be all sorts of mutually-cancelling absorp¬ 
tion dtianges during measurement. Possibly these difficulties regarding 
cell-movement and the like may eventually be overcome, but until then 
it seems that these procedures ** can hardly be expected to yield data of 
biological significance ’’—unless the final absorption curves represent only 
statistical approximations for the nucleus as a whole or the cytoplasm as 
a whole, in which case Prof. Commoner would be knee-deep in bath water. 

One admires the way in which Prof, Commoner has been able to dis¬ 
tinguish between the absorptions of different components in certain 
plant cells, but as he points out elsewhere this approach becomes quite 
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impossible with cells as mconveniently shaped as fibroblasts and the 
same is true of most cells which one wants to examine. It is easy to cut 
the Gordian knot, however, for the simple reason that the vast majority 
of animal cells must be examined in the fixed state; they cannot be 
satisfactorily kept alive in vitro. Examination of fixed material brings 
its own problems (some similar to those found with our own living bone- 
marrow cells, as Catchpole and Gersh point out), but at least Prof. 
Coinmoner*s geometrical headaches can be dispelled by cutting suitable 
thin sections. 

Dr. Barer is correct apropos of absorption and transmission and is 
right to emphasize the other possible explanations of our rise in nuclear 
tra n s m ission in bone-marrow cells, though I suspect that, in the present 
state of the evidence, William of Ockham*s razor would wreak havoc 
among his suggestions. We listed five possibilities and only pointed out 
which of these was most completely in accordance with the experimental 
evidence. When there is a simultaneous rise in nuclear transmission and 
fall in cytoplasmic transmission and when one knows that nudeoproteins 
or their derivatives can pass through nuclear membranes and do leak 
from other cells after u.-v. irradiation, it seems reasonable to believe 
that leakage from nucleus to cytoplasm has in fact occurred. But whether 
leakage or aggregation proves to be correct, the conclusion that SH groups 
have a considerable effect on the behaviour of nudeoproteins remains 
unaffected. 

As stated in the text, I have the highest regard for Dr. Thorell's 
studies on the growth of bone marrow cells. We studied these cells simply 
for convenience. It is indeed unfortunate that only photochemical and 
not photo-electric methods were available to us for measurement of light 
intensity. In any case, however, no thorough quantitative studies have 
been made in vitro of the u.-v, depol3nnerization of ribo- and desoxyribo- 
nudeoproteins, so that precise measurements of light intensity would 
not have helped us to eluddate the cell physiology underlying the changes 
observed—and this was of course our objective. 

It is very appropriate that at a Discussion such as this there should 
be much debate regarding instruments and techniques, but since there 
has also been so much heart-searching as to the flims and raison d iire 
of microspectrography I must add that there seem to me to be a hundred 
and one important and interesting problems awaiting study by this 
method, which could be made to yield valid and significant biological 
results even with the limited techniques available at present. 
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